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Symbol Quantity Scalar (S) or SI unit Defined in 
Vector (V) 
a Acceleration v ms“? D. 3.8 
A Amplitude S m D. 10.7 
Antinode - - D. 10.26 
G Couple v* Nm D. 6.8 
CB Centre of - - D: 9.7 
buoyancy 
CG Centre of gravity — = D. 6.12 
d Density S kgm™? D. 9.6 
d Displacement vV D. 3.5 
e End correction S m D. 10.31 
E Energy S J D.S 
Total mechanical energy S J D. 5.8 
Eff Efficiency S — D27.13 
F Force Vv N D. 4.3 
g Acceleration due to v* ms"? D. 4.10 
gravity 
G Universal gravitational S Nm*kg-* D. 4.8 
constant 
h Height S m — 
Hz Hertz Derived SI unit s~! D. 10.10 
J Joule Derived SI unit Nm Di5-2 
kg Kilogram Base SI unit - D. 1.5 
kg-wt Kilogram weight Another unit N D. 4.12 
of force 
K Kinetic energy S J DYSE 
DE Length S m DIES 
L.C Least count S m D. 1.13 
m, M Mass S kg D. 4.2 
m Metre Base SI unit - D15 
M Moment W Áe Nm D. 6.2 
M.A Mechanical advantage S — D. 7.10 
N Newton Derived SI unit kgms~* D. 4.6 
P Linear momentum v kgms™! D. 4.4 
p Pitch S m D. 1.20 
P Power S Js Des 
Pressure S Pa D. 8.1 
Pa Pascal Derived SI unit Nm-* D. 8.2 
r Force arm ya m D. 6.1 
rad Radian Supplementry — - 
unit 
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Preface 


Revision in Physics is a two volume book written primarily for Class IX and X students offering 
the CBSE Physics A paper. It attempts to introduce them to the vastness of physics and its 
numerous applications. Broadly speaking, physics is the science of matter, its structure, proper- 
ties and behaviour. The physicist is always in search of the basic ideas to unify his vast subject, 
ideas that permit him to understand the working of atoms, molecules, stars, etc. Of late physics 
and its ideas are finding more and more applications in life sciences. It is being increasingly felt 
that to solve the problems of life sciences a sound knowledge of physics is a must. Because of 
the wide applicability of the principles of physics, even those who do not plan to pursue a career 
in science will benefit if they possess an understanding of the basic laws of physics. 


Physics has numerous applications in our day-to-day life in the world around us. We firmly 
believe that many of the principles of physics can be easily understood through numerical 
problems based on examples drawn from diverse fields like sports, life sciences, engineering, etc. 
When you see that a law can be applied successfully to solve apparently unrelated problems in 


many diverse disciplines, you realize that not only is physics a useful subject but also offers a 
promising career. 


The book does not follow the conventional format of presentation. The concepts in each 
chapter are introduced. through precise definitions supplemented by notes and diagrams. Each 
concept is usually divided into five parts: what the given quantity represents; nature of the quantity; 
how it is algebraically and graphically represented; its definition; and the associated mathematical 
relationships. The other important points associated with the concepts are given separately under 
‘Notes’. We expect that this kind of separation will bring conceptual clarity. The theory and its 
applications are then developed with the aid of solved numerical problems. In most of these 
problems taken from day-to-day life, the numerical values are very close to those occurring in real 
life, While using mathematical equations numerical values are always accompanied by the appro- 
priate units. We expect that this kind of approach will minimise the possibility of committing 


Mistakes in units. At the end of the book are provided theory questions, following the CBSE 
examination pattern. 


ad 
‘Although this book has been written according to the CBSE syllabus it will be useful for 


ICSE students as well as for those appearing for the Junior Science Talent Examination. Sugges- 
tions for improvement of the book from any quarter are most welcome. 


(iv) PREFACE 
I am thankful to my colleagues for their interest in this book. Dr S.C. Bhargava took a special 
interest right from the foundation stages till the end. I express my sense of appreciation to my 
wife Renu Bhargava for her forbearance and her willingness to sacrifice part of her social life. 
Without her cooperation this book would not have been possible. 


June 1982 A K BHARGAVA 
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1 Measurement 


1.1 BASIC CONCEPTS 


An essential part of our study of the physical world is the ability 
to make, record and analyse precise and accurate measurements. 
Measurements should be understood by everyone; hence, they 
must be expressed in a common language. Here we shall re- 
view this language and study the common instruments used for 
basic measurements, 


D.1.1 Measurement The physical act which expresses the 
properties of a given object or system in numbers. 

NOTE Measurement is a two-step process. In the first step, 
a standard unit (see Fig. 1.1) is established and, in the second 
step, a comparison is made between the standard unit and the 
quantity to be measured. 


D.1.2 Physical Quantity Any quantity capable of measure- 
ment. 


TYPES OF PHYSICAL QUANTITIES 

(a) Fundamental Physical Quantities Those physical quanti- 
ties which cannot be measured in terms of any physical quanti- 
ties other than themselves, 

EXAMPLES Mass, length, time, heat, electric current, bright- 
ness and amount of substance. 

(b) Secondary Physical Quantities The physical quantities 
which require the knowledge and use of more than one funda- 
mental physical quantity in their measurement. 

EXAMPLES Area. force, electric charge, specific heat capacity, 
etc. 

NOTE The choice of fundamental physical quantities is, in a 
sense, arbitrary. In some systems (e.g. the British engineering 
system). length. time and force are fundamental physical quanti- 
ties rather than mass, length and time. Until quite recently. in 
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most systems the electric charge was a fundamental physica! 
quantity and the clectric current was a secondary physical 
quantity. 


1.2 UNITS AND SYSTEMS OF UNITS 


D.1.3 Unit A physical quantity which is used as a standard in 
the measurement of other physical quantities, 


D.1.4 System of Units A system in which all the fundamental 
units are defined. The three systems of units, abbreviated as 
FPS, CGS. and MKS, are widely used. In 1967, by interna- 
tional agreement. another system of unit, the SI, was adopted 
for all scientific work. 


Types oF System OF UNITS 

(a) FPS System of Units (abbreviated from Foot-Pound- 
Second) A British system of units in which the units of mass, 
length and time are the foot, the pound and the second, respec- 
tively. This system was used in India before 1960. it ıs still 
widely used for nonscientific work in the USA and the UK. In 
India, the foot and its subunit the inch, are used chiefly by 
printers and tailors. The scale available in the market has inches 
marked on one side, 


Table 1.1 The three base units in FPS, CGS and MKS system of units. 


Physical FPS CGS MKS 
quantity 
Length one third of the distance, at one hundredth the distance at the melt- 
60°F, between the central of a metre ing point of ice, between 
transverse lines on two gold the centres of two lines 
plugs in a bronze bar kept engraved on a platinum 
at London. | bar kept at Sevres near 
Paris. 
Symbol foot (ft) centimetre (cm) metre (m) 
Mass the mass in vacuum ofa one thousandth the mass of a platinum 
‘platinum cylinder kept at of a kilo- irridium cylinder kept at 
London. gramme. Sevres near Paris. 
Symbol pound (Ib) gramme (g) kilogramme (kg) 
Time 1 
(same in . of the mean solar day. 
all the system 86 400 
of units) 
Symbol second (s) 


ee 
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(b) CGS System of Units (abbreviated from Centimetre- 
Gramme Second) A French system of units in which the units 
of length, mass and time are the centimetre, the gramme and the 
second, respectively, This system of units is the most widely 
used throughout the world. 

(c) MKS System vf Units (abbreviated from Metre-Kilogram- 
me-Second) A system of units in which the units of length, 
mass and time are the metre, the kilogramme and the second, 
respectively. 

(d) SI Units (Systeme International d° Units) An international- 
ly adopted system of units, derived from the MKS system, now 
used in all scientific work, common to all the languages of 
the world, 


Table 1.2 Conversion factors between SI, CGS and FPS units. 


Length m cm inch fi vd km mile 
1 metre l 100 39.37 3.281 1.094 1 kilometre 1 0.621 
1 centimetre 0.01 1 0.394 0.033 0.011 1 mile 1.609 1 

1 inch 0.025 2.54 1 0.083 0.028 

I foot 0.305 30.48 12 1 0.333 

1 yard 0.914 91.44 36 3 1 

Mass ka kg g Ib 

1 kilogramme l 1000 2.205 

| gramme 1073 l 2.205 x 103 

1 pound 0.454 453.6 1 


D.1.5 Base Unit (Fundamental Units) The units of the funda- 
mental physical quantities, 

(i) Metre A SI base unit of length, 

WRITTEN REPRESENTATION m 

SPECIFICATION A length equal to 1650 763.73 wavelengths in 
vacuum of the orange-red radiation corresponding to the tran- 
sition between the levels 2pio and ĉds of the krypton isotope of 
atomic mass 86. 

fii) Kilogramme A SI base unit of mass. 

WRITTEN REPRESENTATION kg 

SPECIFICATION The mass of the international prototype kilo- 
gramme made of platinum-irridium alloy kept at the Bureau In- 
ternational des Poids et Mesures at Sevres, near Paris. 

(iti) Second A SI base unit of time. 

WRITTEN REPRESENTATION s 

SPECIFICATION The duration of 9192 631 770 periods of the 
radiation corresponding to the transition between two hyperfine 
levels of the ground state of the caseium-133 atom. 


FIG, 1.2 The Indian standard 
of mass, kilogram, an exact rep- 
lica of the one kept at Sevres 
(Paris), is a platinum-iridium 
cylinder kept at National Physi- 
cal Laboratory, New Delhi (by 
Courtesy of NPL). 


im 
I=1A 


} F=2x 10-'N 


a 


FIG. 1.3 Standard of current. 


1m 


lrad 
N 


FIG. 1.4 Supplementary unit 
of angle is radian. 


Table 1.4 The threc rules of 
rounding off 


Rulel If the digit is more 
than 5, make it 10. 
Rule II Ifthe digit is less than 
5, make it 0. 
Rule III If the digit is 5 and 
(i) the first digit left 
of itis odd, make 
it 10. 
(ii) the first digit left 
of it is even, make 
it 0. 
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(iv) Ampere A SI base unit of electric current. 

WRITTEN REPRESENTATION A 

SPECIFICATION The magnitude of the constant current, if 
maintained in two parallel, rectilinear conductors of infinite 
length of negligible circular cross section and placed at a dis- 
tance of one metre from one another in vacuum, will produce 
between the conductors a force equal to 2 x 10°? newton per 
metre of length. 

(v) Kelvin A SI base unit of temperature. 

WRITTEN REPRESENTATION K 

SPECIFICATION The fraction 1/273.16 of 
temperature of the triple point of water. 

(vi) Candela A SI base unit of luminous intensity. 

WRITTEN REPRESENTATION cd 

SPECIFICATION The luminous intensity, in the horizontal 
direction, of a surface of 1/600000square metre of a black body 
at the temperature of freezing platinum under the pressure of 
101 325 newton per metre per metre. 

(vii) Mole A SI base unit of amount of substance. 

WRITTEN REPRESENTATION mol 

SPECIFICATION The amount of substance which contains as 
many elementary units as there are atoms in 0.012 kg of carbon- 
12. 


thermodynamic 


D.1.6 Supplementary Units 


(i) Radian The supplementary SI unit of plane angle. 

WRITTEN REPRESENTATION rad 

SPECIFICATION The angle subtended at the centre of a circle 
by an arc equal in length to the radius of the circle. 

(ii) Steradian The supplementary SI unit of solid angle. 

WRITTEN REPRESENTATION Sf 

SPECIFICATION The solid angle which encloses a surface on 
the sphere equal to the square of the radius. 


D.1.7 Derived Units The units which are combinations of the 
base units. 


EXAMPLES (i) Unit of area= unit of length x unit of length. 
unit of mass X unit of length. 


(ii) Unit of force = > 5 : - 
unit of time X unit of time 


1.3 THE ARITHMETIC OF MEASUREMENT 


D.1.8 Rounding Off A method by which one or more digit is 
removed from the end of a number. 
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Table 1.3 Some of the derived units with special names 


Physical Name of Symbol Relation with Defined in 
quantity derived base unit chapter 
unit 
Force newton N kg m s~? 4 
Energy joule J kg m2 s™2= Nm 5 
Power watt WwW kg m2 s™3= Js™1 5 
Pressure pascal Pa kg m! s?=Nm™? 8 
Frequency hertz Hz st 10 
Electric coulomb C sI A 18 
charge vol 2 
Electric volt Vv kg m? s71 A7l 18 
potential =jJC4 vol 2 
difference 
Electric ohm Q kg m2 s71 A-2 18 
resistance SNAGA vol 2 
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D.1.9 Significant Figures A langauage developed to express 
the accuracy of a measurement. 

SPECIFICATION The numbers of accurately known digits plus 
one uncertain digit. 

NOTES (i) We write uncertain digit because we believe that it 
represents the actual situation more accurately than any other 
digit. 

(ii) For positive numbers Jess than 1, the numbers of zeros 
between the decimal point and the first nonzero digit are not 
counted. The number 0.003 04 has three significant figures only. 

(iii) Sometimes a zero is written at the end of a fractional 
number e.g. 0.40. Here 0 is part of the significant figures. 


D. 1.10 Exponential Notation A convenient method for ex- 
pressing large and smal! numbers. 

NOTES (i) If the number has a negative sign disregard it; 
perform the operations according to the rule I and the rule II, 


then put the negative sign in the final answer. 


Table 1.6 The rules of expres- . 
sing a number in the expo- 
nential notation. 


Rule I 


Rule Il 


For numbers> I Letn 
be the total number of 
digits left of the deci- 
mal point. Put the deci- 
mal point after the first 
digit from the left and 
multiply it by 10@-, 
For positive numbers< 1 
Let n be the total 
number of zeros bet- 
ween the decimal point 
and the first nonzero 
digit right of the deci- 
mal point. Put the deci- 
mal point after the first 
nonzero digit and multi- 
ply it by 1070+09, 


Table 1.5 The rules of significant figures in the algebraic operations. 


Rule I 


Addition and subtraction All the numbers including the result must have same number 


of digits after the decimal point, as the least accurate number entering the calculations 


has. 


NoTE The rounding off is done in the given numbers before the addition or the sub- 


traction is performed. 
Rule II 
in the least accurate number entering the calculations. 


Multiplication and division The result.must have as many significant figures as there are 


NoTE The rounding off is done in the result only and not in the given numbers. 


` TABLE 1.8 The order of magni- 


tude of some numbers 


Number Order of 
magni- 
tude 
0.005 to < 0.05 =l 
[5x107 to < 5x 10-4] 
0.05 to <0 .5 0 
[5x 1072 to <5X10-'] 
0.5to < 5 1 
5 to < 50 2 
50 to < 500 3 
5x10 to < 5x10" 12 


Table 1.9 The least count of 
some instruments 


Instrument 


Metre scale 

Vernier 
arrange- 
ment 


Screw gauge 


Physical 
balance 
Chemical 
balance 
Ordinary 
watch 
Stop 
watch 
Vibrator 


Least count 


Normally 0.001m 
Vernier constant 
Xleast count of 
the main scale 
(for vernier calli- 
per of page 7 
0.01 cm = 104m) 
Pitch/number of 
divisions on the 
circular scale (for 
screw gauge of 
page10, 0.001cm 
= 107m 
Normally 0.01g 
= 10%kg 
Normally 0.001 g 
= 10° kg 

Is 


0.01 s 
1/frequency (0.001s 


for vibrator of 
frequency 1000Hz) 
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(ii) This notation is useful only for the numbers which have 
only a few significant figures. 


D. 1.11 Prefix The name of some powers of ten. 


Table 1.7 Name of some prefixes. One should avoid using double 


prefix. 
Power Name of Symbol Power Name of Symbol 
of 10 prefix of 10 prefix 
10 deca- da 1071 deci- d 
102 hecto- h 10-2 centi- c 
103 kilo- kg 1078; milli- m 
106 mega- M 10-6 micro- u 
109 giga- G 1079 nano- m 
1012 tera- it 1072 pico- p 
10735 femto- f 
10718 atto- a 


paaa 


D- 1.12 Order of Magnitude 
or small a quantity is. 

SPECIFICATION The given number is first expressed in terms of 
the nearest power of ten. The power of ten is the order of 
magnitude. 


1.4 INSTRUMENTS 


A method of estimating how big 


D. 1.13 Least Count The smallest quantity which can be mea- 
sured by the instrument. 


WRITTEN REPRESENTATION LC; 


SPECIFICATION For each instrument it is defined separately 
(see Table 1.9). 


D. 1.14 Zero Error A measure of the difference between the 

actual physical quantity and that measured by the instrument. 

Actual physical quantity measured by the instrument—-zero 
error. 

TYPES OF ZERO ERROR e 


(i) Positive Zero Error When the actual physical quantity 
is less than the measured one. The zero error has a positive 
sign. 

(ii) Negative Zero Error When the actual physical quantity is 
more than the measured one. The zero error has a negative sign. 

NOTES (i) The zero error in an instrument is due to either 
wear and tear or is a manufacturing defect. 

(ii) When zero error is present, the effective zero of the ins- 
trument is no longer at the place where it is marked. 
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Main scale 
10 
_ Vernier (a) 
10 il 


aR a 


FIG. 1.5 Vernier is a short 
scale, which normally slides over 


another fixed scale, “the main ~ 


scale, subdivisions of which are 
to be measured. 10 divisions of 
the vernier coincide with 9 divi- 
sions of the main scale. ‘ 


‘ 


2 cape scale reading 3 


Vernier reading (a) 
14 7 15 


FIG. 1.6 The main scale and 
vernier reading. The main scale 
reading is 2.2in (a) and 14.1 in 
(b), while the vernier reading is 
7 in (a) and 4 in (b) 


AN 


FIG, 1.7 Screw. The pitch of 
the screw is the linear distance 
between two consecutive threads. 


REVISION IN PHYSICS 


D.1,15 Vernier A device for measuring the fraction of the 
smallest interval of a scale. 

CONSTRUCTION A certain length of the sliding scale is divid- 
ed into n equal parts. The n divisions are equal to n—1 divi- 
sions of the main scale. 

NOTE 
scale. 


In most of the instruments vernier slides over the main 
But this is not always the case. 


D.1.16 Vernier Constant A measure of the size of one vernier 
division relative to the size of one main scale division. 

WRITTEN REPRESENTATION V.C 

SPECIFICATION The difference between the size of 1 main 
scale division and the size of | vernier scale division, No unit. 

“MATHEMATICAL EXPRESSION 

n vernier divisions=n—lI main scale divisions 
+ size of 1 vernier division = = edi main scale divisions 


on ner 
D.1.17 Least Count of the Vernier Arrangement A measure of 
the minimum quantity measured by the instrument. 

WRITTEN REPRESENTATION LC * 

SPECIFICATION The product-of the vernier constant and the 
least count of the main scale. Measured in metre (m), if the 
device measures length. 

MATHEMATICAL EXPRESSION 


L.C =1/nx least count òf the main scale. 


D.1.18 Reading of the Instrument having Vetnier Arrangement 
(i) Main scale reading The total number of the main scale 


divisions left of zero of the vernier X least count of the, main 
scale. x 


(ii) Vernier reading The number of division of the vernier{ 
which coincides or is nearest to any main scale divison’ 
Instrument reading= main scale reading++vernier reading x L.C. 


D.1.19 Screw A solid cylinder which has accurately cut and 
equally spaced grooves over it (see also Chapter 7). 


D. 1.20 Pitch A measure of how closely spaced threads are. 
WRITTEN REPRESENTATION P 
SPECIFICATION Linear 
threads 


distance between two consecutive 


or 
Linear distance moved by the screw in one complete rotation, 


MEASUREMENT 


NOTE P=Length of the screw/total number of threads. 
a .. able,” 


D.1.21 Backlash Error When, in a measuring instrument using 


screw, the screw moves but the scale attached to the screw does . 


not. 

Nores (i} It arises because the threads of the screw do not 
«fit tightly into the grooves of the nut. 

(ii) There is no method which can be employed for its esti- 
mation. In order to avoid it, while making a measurement, 
move the screw only in one direction. 


1.5 LENGTH MEASURING INSTRUMENTS 


(i) Metre Scale A commonly used length measuring instru- 


ment. Its least count is 0.1 cm =0.001 m. 
ADVANTAGES (a) It can be employed to measure large dis- 
tances. 


(b) It is convenient to use. 

LIMITATION 
0.1 cm. 

(ii) Vernier Calliper A length measuring instrument which 


It has limited accuracy of the order of | mm= 


9 


Table 1.11 Some representative 
distances in the universe 
(all values-are approximate) 


Distance of v m 
Distant galaxy 10% 
Nearest star 4x 10'6 
Farthest planet 

pluto from sun 6x 10° 
Distance of earth 

from sun 2x10" 
Earth diameter 1.3 x 107 
Height of Everest 105 
Length of à whale 10! 
Height of a man- 1.8 x 10° 
Finger nail 1072 
Red blood cell size 1075 
Sugar molecule 10° 
Atom lo” 
Proton radius ys 


FIG. 1.8 A part of a metre scale 


makes use of the vernier arrangement. It is more accurate than 
the metre scale. It is shown in Fig. 1.9 

SPECIFICATIONS (a) V.C=1/10=0.1 ` 

(b) L.C — V.C x Least count of the main scale ~ 0.1 x 0.1 
cm = 0.01 cm = 0.0001 m. 

(c) Zero error may be present. 


(a) (b) 


(a) 


FIG. 1.9 (a) A vernier calliper is an accurate length-measuring instrument based on the principle of vernier. 
The least count of the calliper is 0.01 cm. (b) The outer dimensions are measured by placing the objects 
between outside jaws. (c) The inner dimensions are measured by the inside jaws. (d) The depth is measured 


with the help of the strip. 


10 REVISION IN PHYSICS 


Ratchet 


Thimble 


Spindle Sleeve 


Reference line 


(a) 


FIG. 1.10 A screw gauge is an instrument used for accurate measurement of the dimensions of an object. It 
has two scales, one on the sleeves—the linear scale—and another on the circular head—the circular scale. 
The main scale measures the linear distance moved by the screw (number of complete turns) whereas the circu- 
lar scale measures fraction of a complete rotation. The object of unknown dimension is placed between the 


spindle and the anvil. The ratchet is rotated till the screw stops moving but the ratchet continues to move. 


50 ” 
45 25 
20 
oe 15 
(a) '® 
FIG. 1.11 Screw gauge reading is 


the value of the last visible divi- 
sion on the sleeve and the 
circular scale division which 
coincides or is nearest to the 
reference line on the sleeve. The 
main scale reading is 4 in (a) and 
(b) while the circular scale read- 
ing is 45 in (a) and 23 in (b) 


FIG, 1.12 A common balance. 
It is not very accurate hence not 
used in scientific work. 


ADVANTAGES (a) It is more accurate than the metre scale. 

(h) It can measure outer distance. inner distance and the depth 
of the objects. Fig. 1.9 

LIMITATION It can be employed to measure distances only of 
the order of 10 cm or less. 

(iii) Screw Gauge An instrument, based on the screw, used 
for measuring small distances which normally cannot be measur- 
ed by the vernier calliper. It is shown in Fig. 1.10 

SPECIFICATIONS (a) Pitch = 0.1 cm = 0.001 m. 

Py pitch 
sitting number of divisions on the circular scale 
om 0.001 cm = 105m = 10 p m. 

(c) Screw gauge reading 
(I) Linear scale reading = Number of the linear scale division 

visible X Least count of the linear scale. 

(II) Circular scale reading = Number of the division of the 
circular scale which coincides or is nearest to the reference 
line. 

(III) Screw gauge reading = Main 
scale reading x L.C. 

(d) Zero error and backlash error may be present. 

ADVANTAGE lt can measure small distances very accurately. 

LIMITATION It cannot measure inner diameters. 


scale reading + Circular 


1.6 MASS MEASURING INSTRUMENTS 


Working Principle Most of the instruments which measure 
mass work on the principle of moments (see chapter 6). 


MEASUREMENT 


This is the most commonly used bal- 
The least count depends on balance to 


(i) Ordinary Balance 
ance in our daily life. 


balance but normally it is 1 gm 10 kg. It is shown fn 
Fig. 1.12 
ADVANTAGE It can be used easily and does not require many 


djustments 

LIMITATION It is not very accurate and. hence, is not used to 
measure small mass. 

(ii) Physical Balance This is a very accurate balance having 
a least count of | mg 10 ê kg. It is shown in Fig. 1. 

ADVANTAGE It is very accurate and, hence, used to mea- 
sure small masses in scientific work. 

LIMITATIONS (a) It cannot measure large masses (b) Since it 
requires a number of adjustments. the measurements cannot be 


2 


done quickly. 


Beam 


Pillar 


Pointer 


Fig. 1.13 An accurate physical balance used in scientific work, The 
object of unknown mass is placed on the left pan. The standard masses in 
the decreasing order of magnitude, are placed in the right pan. The beam is 
raised from the arresting arrangement by the lever. When the mass in the 
right pan equals the unknown mass in the left pan, the pointer is either at 
the zero mark of the scale or it moves equal divisions on both sides of the 
zero mark. 
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Table 1.12 Some representative 
masses round in the universe 
(al] the masses are approximate) 


Mass of kg 
Total universe 1049 
Our galaxy 2x 1041 
Sun 2 x 108 
Earth 6 x 10" 
India’s expected 

import of crude 

oil in 1980 1.8 x 1010 
Elephant 5x108 
Man 7x 10! 
Bee 7x 105 
Dust particle 1077 
Bisod corpuscle 10714 
Virus 10720 
Proton 1.6 x 10727 
Electron 9.1 x 10731 


FIG. 1.14 A balance wheel. 
The repetitive motion of the wheel 
runs a clock mechanism. 


FIG. 1.15 A stop watch. The 
bigger dial is marked in seconds 
while the smaller dial is marked 
in minutes. The mechanism which 
starts, stops and resets the stop 
watch to zero is controlled by the 
button marked A. 
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Table 1.13 Some representative 
time intervals inthe universe 
(all times are approximate). 


—SS ee 


Time of s 
Half life of ura- 

nium-238 1.4 x 10" 
Age of universe 6.0 x 10'* 
Life on earth 10'¢ 
First man on earth 10" 
Period of revolu- 

tion of uranus 

around sun 2.6x 10° 
One hour 3.6x 10° 
One heart beat 10° 
Period of a sound 

wave (typical) 107 
Fcriod:of waves 

produced by 

bats (typical) 1.2 x 1075 
Life of excited 

atoms 1079 
Life of some 

particles 1074s 
Period of nuclear 

vibration 10-2! 


FIG, 1.16 An electrically main- 
tained system to measure small 
time intervals. It has a vibrator 
which vibrates at a fixed fre- 
quency, During each vibration, 
it hits once a disc of carbon paper 
which leaves a black dot on a 
white paper tape. The paper tape 
is pulled at a constant speed. The 
number of dots gives the time 
elapsed provided the frequency of 
the vibrator is known. 
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Qualities of a Good Balance 
(a) The arms should be of equal length. 
(b) The pans should be of equal mass. 
(c) The beam should be as light as possible to make it sensitive. 
(d) The arms should be as long as possible. 
(e) The centre of gravity of the empty balance must lie on 
vertical line passing through the beam bearing. 


1.7 TIME MEASURING INSTRUMENTS 


Working Principle The regular repetition of an event is the 
basis of all measurements of time. Every time-measuring 
instrument is designed on this principle. 

(i) Mechanical time piece In a mechanical watch or clock, the 
motion of a toothed wheel, which drives the seconds, minutes 
and hours hand. is regulated by the repetitive motion of an ob- 
ject, such as a balance wheel in a wrist watch and a table clock, 
and a pendulum in a wall clock. The least count of these time- 
Pieces is normally 1 s, 

ADVANTAGE It is easy to handle and easy to adjust, and mea- 
surements can be taken easily from it. 

LIMITATIONS (a) It has limited accuracy, hence, is not suitable 
for accurate measurements, 


(b) It cannot be used to measure time intervals between two 
events accurately. 

(c) Stop Watch It is a special kind of mechanical watch which 
has an arrangement to start, to Stop, and to reset the hands to 
zero when desired. It is used to measure the time elapsed bet- 
ween two events. The least count of the pocket Stop watch is 
0.01 s. Fig. 1.15 


LIMITATIONS Normally the time taken to start and tc 
stop the watch is about 3 seconds. Thus the measured time 
has an error of about 6 seconds. 


(iii) Electrical Watch In this kind of watch, the rapid vibra- 
tions of a system such as a tuning fork or a quartz crystal are 
used to run the clock mechanism. The rapid vibrations of the 
system are maintained with great accuracy by an electric field. 
The accuracy of the tuning fork watches is about 1 second per 
day, whereas crystal watches can attain an accuracy of about | 
second in 3 years. One of the simple electrically maintained 
systems is shown in Fig. 1.16. 


MEASUREMENT 
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SOLVED EXAMPLES 


EXAMPLE 1,1 Using the method of round- 
ing off remove the last digit from the follow- 
ing numbers : (i) 1.46, (ii) 522, (iii) 8.075, and 
(iv) 284.5. 

Solution (i) In the number 1.46, the last 
digit is 6. Since 6>5, from rule I of round- 
ing off, 6 is replaced by 10, or 0.06 by 0.10. 

Hence, 1.46=1.4+-0.06 ~ 1.4+0.10=1.5. 

(ii) In this case, the digit to be removed is 
2. which is less than 5. From rule II of roun- 
ding off, 2 is replaced by 0, Hence, 

522 5204-2 ~ 520+0= 520. 

(iii) Here in the number 8.075, the last 
digit is 5S. The digit just left of 5 is 7 which is 
odd. Hence, from rule III (i), 5 is replaced by 
10, or 0.005 by 0.010. Therefore, 

8.075 =-8.070+-0.005~8.070--0.010 = 8.08. 

(iv) Here the last digit is 5, and the digit 
just left of it is 4 which is even. Hence, from 
rule IJI (ii) 5 is replaced by 0, or 0.5 by 0.0. 
Therefore, 

284.5- 284.0+-0.5~284.0+0.0= 284. 

Answer The numbers 1.46, 522, 8.075, 
and 284.5, after rounding off of the last digit 
become 1.5, 520, 8.08 and 284, respectively. 


EXAMPLE 1.2 Find (i) sum of the numbers 
1.475, 3.72 and 10.2, (ii) the result of the divi- 
sion of 103.001 by 24.5, and (iii) the area of a 
rectangular plate of sides 2.4 cm and 3.22 cm 
to appropriate significant figures. 

Solution (i) According to rule I of the 
significant figures in addition, 1.475 and 3.72 
must have only one digit after the decimal 
Point because the least accurate number 10.2 
has only one digit after decimal point. 1.475 
becemes 1,5 and 3.72 becomes 3.7 after round- 
ing off. Hence, 

1.475 +-3.72+ 10.2~ 1.5-+3,.7+ 10.2=15.4. 

(ii) 103.001 24.5: 4.20412 ..... But accord- 
ing to rule II of the significant figures in divi- 
sion, in the answer one must have as many 
significant figures as there are in the least accu- 
rate number. In the problem, the least accu- 


rate number, 24 5, has three significant figures. 
Hence, 


= 4.20. 


(iii) Area of the plate=2.4 cm x 3.22 cm = 
7.728 cm? = 0,000 7728 m? = 0,000 77 m2, 
from rule II of the significant figures, 

Answer The sum of three numbers is 15.4, 
and the division of 103.001 by 24.5 is 4.20. The 
area of the rectangular plate is 0,000 77 m2, 


EXAMPLE 1.3 The length of a rod measur- 
ed by two instruments is 2.45 m and 2.450 m. 
Which reading is more accurate ? 

Solution According to the definition of 
significant figures that number is more accurate 
which has more significant figures. The num- 
ber 2.45 m has three significant figures whereas 
2.450 m has four (zero after the decimal point 
if quoted, is a significant figure), Thus, the 
reading 2.450 m is more accurate. 

Answer The reading 2.450 m is more accu- 
rate. 


EXAMPLE 1.4 Express (i) the following num- 
bers in the exponential notation : (a) 476.24, 
and (b) 0.000 073, and (ii) the following num- 
bers in the decimal notation : (a) 105, and (b) 
0.021 x 1072, 

Solution (i) (a) In the number 476.24, the 
number of digits left of the decimal point are 
3. Thus, n here is 3. Hence, from rule I of 
the exponential notation 

476.24=4.7624 x 103°1=4.7624 x 102. 

(b) The number 0.000 073 is less than 1. 
The number of zeros right of the decimal point 
and before the first nonzero digit are 4. Here, 
thus, 7 is 4. From the rule Il of the exponen- 
tial notations 

0.000 073=7.3 x 1074+) =7.3 x 10°5 

(ii) (a) The number 105 in the exponential 

notation is, 
105=1.0 x 105=1.0 x 101, or 
n—1|=5S, or n=6, 


14, 


Hence, in the decimal notation there must be 
six digits left of the decimal point (including 
zeros). Therefore, 

105= 100 000. 

(b) The number 0.021 x 10°? is not in the 
exponential notation. Let us, therefore. first 
convert it into exponential notation. From rule 
Il. we have 

0.021 x 10°2=2.1 x 1071+09 x 1072 


E A E a 
Now, 
2r TO SATa On or 
—(n—1)=—4, or 9 n=3. 
Thus, 
0.021 x 10°2=0.000 21. 
Answer (i) The numbers 476.24 and 


0.000 073 in the exponential notation are 4.7624 
x10?, and 7.3 x 1075, respectively. (ii) The 
numbers 10°, and 0.021 x 10°2 in the decimal 
are 100 000, and 0.000 21, respectively. 


EXAMPLE 1.5 (i) What are the quantities, in 
the decimal notation. which are represented by 
the following : (a) 10 kV, and (b) 2.2 uso (ii) 
Write the following quantities using a suitable 
prefix : (a) 0.0054 A. and (b) 30 200 000 Hz. 

Solution (i) (a) 10 kV In this quantity pre- 
fix is k (kilo) which stands for 103. Hence, 

10 kV=10 x 10? V=104 V=10 000 V. 

(b) 2.2 us Here the prefix is 4 (micro) 
which stands for 1078, Hence, 

2.2 us=2.2 x 10-6 s=0.000 0022 s. 

(ii) (a) 0.0054 A When a quantity, in the 
decimal notation, is to be written using a pre- 
fix, it must be first expressed in the exponen- 
tial notation. We have, 

0.0054 A=5.4 x 1073 A, 
The prefix for 1073 is m (milli). Hence, 
0.0054 A=5.4 mA. 

(b) 30 200000 Hz This quantity in the 
exponential notation is 3.02 x 107 Hz. There 
is no prefix for 107 but the nearest prefix is M 
for 108. Hence, 

30 200 000 Hz=3.02 x 10 MHz=30.2 MHz. 

Answer The quantities 10 kV, and 2.2 us 
in the decimal notation are 10000 V and 
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0.000 0022 s, respectively. The quantities 
0.0054 A. and`30 200 000 Hz. in the short form 
are 54 mA. and 30.2 MHz. respectively. 


ExamPLe 1.6 The radius of the earth is 6.4 x 
104 km and its mean density is 5520 kg m 3 
Find the order of magnitude of the mass of 
the earth when mass is expressed in SI units. 
Solution R=radius of the earth= 6.4 x 104 
km=6.4 x 107 m. and d=density of the earth 
=5520 kg m3, V=volume of the earth=:4= 3 
Re. 
Mass of the earth= V x d=47 3R° x d 
=4 3 x 22 7 x (6.4 x 107 m)? x 5520 kg m`? 
=6.3 x 107 kg}. 
The order of magnitude is the power of 10 -+ 
order of magnitude of 6.3 = 27+2 = 29 . 


Answer The order of magnitude of the 
mass of the earth ję 29. 


ExaĮPLE 1.7 In the physics laboratories a 
travelling microscope is used for measuring 
small distances accurately. It has a vernier 
which is divided into 50 equal parts. 50 divi- 
sions of the vernier are equal to 49 divisions of 
the fixed (main) scale. 1 cm of the main scale 
is divided into 20 equal parts. Determine (i) 
the least count of the main scale, (ii) the ver- 
nier constant, and (iii) the minimum length 
which can be measured by the travelling micro- 
scope. 

Solution (i) The least count of the main 
scale=length number of divisions in this length 
=Icm 20=0.05 cm. 

(it) 50 divisions of the vernier=49 divisions 
of the main scale 


1 division of the vernier - p division of the 


-main scale. 


V.C= vernier constant = | division of the main 

scale— 1 division of the vernier, 
(PS 

EE TEN = 0.02. 


(iii) The minimum length which can be 
measured by an instrument is equal to the 
least count of the instrument. 


MEASUREMENT 


L.C=least count of the travelling microscope 


=V.C x least count of the main scale 
=(.02 x 0.05 cm =0.001 cm. 


Answer The least count of the main scale, 
the vernier constant and the least count of the 
travelling microscope are 0.05 cm. 0.02. and 
0.001 cm, respectively. 


EXAMPLE 1.8 In a vernier calliper of least 
count 0.01 cm, when outside jaws meet, zero 
of the vernier lies left of the zero of the main 
scale of least count 0.1 cm. 10th vernier 
division lies between 7th and 8th divisions of 
the main scale. and 4th vernier division coin- 
cides with one of the main scale divisions. (i) 
Find the zeroerror. (ii) What is the correct 
reading if the instrument reads 4.94 cm. 
Solution (i) Since the zero of the vernier 
is left of the main scale zero. the zero error is 
negative. M=main scale division left of which 
the vernier zero lies=8. n=the vernier read- 
ing=4, 
Zero error =— [(9— M) x 0.1 cm + (10—4) 
x 0.01 cm] 
=— [(9—8) x 0.1 cm > 6 x 0.01 cm} 
=— [0.1 + 0.06] em =— 0.16 cm 
=—0.0016 m. 
(ii) Actual reading=vernier calliper read- 
ing—zero error 
=4,94 cm—(—0.16 cm)= 5.10 cm 
=0.0510m. 
Answer The zero error of the instrument 


is —0,0016m and the correct reading is 0.0510 
m. 


EXAMPLE 1.9 In the measurement of the 
length of a rectangular slab, the zero of the 
vernier lies between 4.4 cm and 4.5 cm mark 
of the main scale and the Sth vernier division 
coincides with 4.9 cm mark. What is the side 
of the slab? Assume that zero error is absent 
and the least count of the instrument is 0.01 
cm, 

Solution (i) Main scale reading=value of 
the main scale division beyond which zero of 
the vernier lies=4.4 cm. (ii) Vernier reading 
=number of the coinciding vernier division=5. 
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The side of the slab=the main scale reading + 
the vernier reading x L.C 
=4.4 cm+ 5 x 0.01 cm=4.45 cm“ 
=0,0445 m. 
Answer The length of one side of the rect- 
angular slab is 0.0445 m. 


EXAMPLE 1.10 In a screw gauge, the screw 
moves linearly by 0.1 cm in two rotations. 
Calculate (i) the pitch, and (ii) the least count 
of the screw gauge if the circular scale has 50 
divisions, 

Solution (i) p=pitch=linear distance mov- 
ed by the screw in one rotation=0.1 cm 2= 
0.05cm = 0.0005 m. 

(ii) L.C=least count of the screw gauge 
= p number of divisions on the circular scale 

0.0005 m 
isp. TAN 0.000 01 m. 


Answer The pitch of the screw is 0.0005 


m, and the least count of the screw gauge is 
0.000 0l m, 


Exampce |.11 Ina screw gauge, pitch of the 
screw is 0.1 cm and the circular scale has 100 
divisions, Find the radius of the wire when 
the linear scale reads 0.0 and the circular scale 
division which coincides with the reference line 
is 96, 

Solution 


L.C= pitch number of division on the 
; circular scale 
0.1 cm 
100 = 0,001 cm 
Main scale reading = 0,000 cm 
Circular scale reading =96 
Total reading=main scale reading--cir- 
cular scale reading x L.C 
=0,000 cm + 96 x 0.001 cm 
=0,000 cm + 0.096 cm 
0,096 cm 
0,000 96 m. 
The diameter of the wire =0.000 96 m 
The radius of the wire =0.000 96 m 2 
2 =0.000 48 m 
Answer The radius of the wire is 0.000 48 m, 


1.13 


1.14 


1.15 
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PROBLEMS 


Remove one digit from the end of the following 
numbers ; (/) 47.56, (//) 992, (jii) 755 and (iv) 32.5. 
Remove two digits from the end of the following 
numbers ; (/) 61.452, (//). 2945 m, (iii) 0.0081 and 
(iv) 0.0036. 

How many significant figures will the answer of 
the division of 3.4574 by 10.2 have? 

How many significant figures will the following 
sums have: (/) 1.02+7.985, and (//)—4.53—2.32/4.0? 
How many significant figures does each of the 
following numbers have : (/) 200, (jj) 20, (iii) 2x 
102 , (iv) 2,000 x 10-3 , (v) 0.0062, and (v/) 0.006 20+ 
A rod has two marks over it. Three different ins- 
truments were used to measure the length of the 
three segments. The lengths measured are 2.1 cm, 
3.14 cm, and 1.451 cm respectively. Find the total 
length of the rod in appropriate significant figures. 
A box of mass 15.45 kg is placed over a horse of 
mass 200 kg. What is the total mass? 

A flower of mass 0.007 kg has an insect of mass 
0.000 23 kg sitting over it. Find the mass suppor- 
ted by the stem of the flower. 

What is the volume of a cube of side 1.4 m? 

A person runs 100.00 m in 10.4s. How much dis- 
tance has he covered in | $? 

Express the following numbers in the decimal 
Notation : (}) 1.2 x 104 Rs, (il) 6.48 x 103 m, (iii, 
10 x 10-3, (iv) 0.0045 x 10-3 , (v) 0.098 x 108 g, and 
(vi) 10-5. 

Express the following numbers in the exponential 
notation having only three significant figures : (i) 
894 000 000, (ii) 3600s, (iii) 365.645, and (iv) 
0.004 3247, 

Find the number of seconds in 365 days. Express 
your answer in the exponential notation having only 
three significant figures. 
Write the following numbers without prefix 


sugar molecules in a volume of 100 cm3 (10-4 m3 ), 
1.19 What is the reading of the vernier calliper as 
The main scale ts 


shown in Fig. 1.17 (a) and (b) ? 
marked in cm 


(a) 
FIG. 1.17 


1.20 tn a certain instrument, 5 divisions of the vei mer 


coincide with 4 divisions of the main scale. The 
main scale is graduated in millimetre. Find (/) the 
vernier constant, and (jj) the least count of the in- 
strument. 


1.21 How many divisions will a vernier have if the least 


count of the vernier calliper is 0.2 mm, and the 
main scale is marked in millimeters? 


1.22 Find the number of divisions per centimetre in a 


fixed scale of a vernier calliper having least count 
of 0.0005 cm. Given that 20 divisions of the ver- 
nier coincide with 19 divisions of the fixed scale. 


1.23 Find the zero error of the vernier calliper as 


shown in Fig 1.18 (a) and (b). 


@ © 
FIG. 1.18 


frequency of Delhi radio station 819kHz, (ii) alas 1.24 A measuring instrument has zero error (/) 0.02 cm, 


1980 budget, 248 710 MRs (ñi) 
mgand (iv) 10 dm. 
Write the following numbers usin i 

g the suitabl 
Prefix : (i) 4.6 x 104 m, (ii) 107 s, (iji) 449 000 000g 
(iv) 0.000 23 A, and (v) 0,000 000 000 825 C. 
Find the order of magnitude of the following num- 


bers. : (i) 4.35 x 107, (ii) 93476 
0.000 0789. the 


The diameter and the density of the sun are 


1390 600 km and 1.42, respectively, Find the order 


of magnitude of (/) the volume, and (jj) the Mass 
of the sun. 


The diameter of a sugar molecule is about 10-9 m, 
Find the order of magnitude of the number of 


mass of a virus 4.2 


(i) —0.04 cm. What will be the actual length if’ 
the instrument reading is 1.45 cm ? 


1.25 The actual length of a rod is 0.0452 m. Determine 


the zero error if the vernier calliper reads (i) 0.0450 
m, and (ii) 0.0463 m. k 


1.26 In a vernier calliper when there is no gap betweer 


the outside jaws, the vernier scale zero lies between 
first and the second division of the main scale. 
Further, Sth vernier division coincides with some 
main scale division. If the least count of the cal- 
liper is 0.01 cm and that of the main scale 0.1 cm., 
determine the zero error. 


1.27 A screw moves 6 mm in 3 complete rotations. 


What is the pitch of the screw in SI units? 
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1.28 If the pitch of a screw is 0.5 mm, how much will it 
move in 5 complete rotations? 

1.29 In a screw gauge, the circular scale nas 50 divi- 
sions and the pitch of the screw is 0.001 m. What 
is the least count of the instrument? 

1.30 What is the reading of the screw gauge as shown 
in Fig. 1.19 (a) and (b), when the least count of the 
instrument is 0,002 cm? The main scale is marked 
n mm 


i5 
10— 


== “we 


a) FIG. 1.19 (6) 


1.31 A screw gauge of least count 0.000 005 m, has a 
screw of pitch 0.001 m. How many divisions are 
there on the circular scale? 
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1.32 A screw gauge of least count 0.004 cm reads 0.1 
em on the linear scale and 10 on the circular scale. 
Find the actual thickness of the plate if zero error 
is (/) + 0.02 cm, and (//) — 0.016 cm. 

1.33 In a screw gauge, when there is no gap between 
the anvil and the spindle, 0.1 cm mark of the 
linear scale is visible. The circular scale reads 40, 
If the least count of the instrument is 0.001 cm, 
determine the zero error. 

1.34 The two zeros of the screw gauge are made to 
coincide. The screw is moved in the clockwise 
direction and the number of circular scale divi- 
sions moved are counted. The screw stops moving 
after the circular scale has moved bv 120 divisions. 

Find the zerv error wnen tne least count of the 
screw gauge is 0.001 cm. 

1.35 A vibrator makes 1000 vibrations in one second. 
If a clock is built out of this vibrator, what will be 
its least count? 

1.36 In a ticker time device, a vibrator leaves 500 dots 
is 2s on a paper tape. What is the minimum 
time interval which could be measured by it? 


2 4 6 
t (s) 


FIG. 2.1 (a) Graphical repres- 
entation of scalar quantity (magni- 
tude). Here, the distance covered 
by q vehicle varies with time. 


m 
4cm 
fe 
lem 


FIG, 2.1 (b) Diagrammatic re- 
presentation of absolute value. 
The shorter line is Icm long and 
represents an absolute length of 
icm. The longer line is similarly 
4cm long 


® Mercury 
@ Vénus 


Neptune 
© Pluto 


FIG, 2.1 (c) Pictorial represent- 
ation of the relative size of the 
planets. Size of the planet is prop- 
ortional to the area of the circle. 


2 Scalars and Vectors 


2.1 TYPE OF QUANTITIES 


Most physical quantities can be classified as either scalar or 
vector. 


D.2.1 Scalar A quantity that has only magnitude. 

EXAMPLES Mass, time, density, temperature, electric charge. 

WRITTEN REPRESENTATION AND SPECIFICATION A single mag- 
nitude written as either 

(i) a real-number multiple of a standard or well-defined unit 
[e.g. 6.5 kg, 9 s, 13.6 g cm™3, 273 K, 2°C] : or 

(ii) an algebraic symbol, printed in italic [e.g. m, t, p, T, q] 

PICTORIAL REPRESENTATION Several possible diagrammatic 
and graphical representations, 

(7) A point or a curve on a set of coordinate axes, indicating 
a magnitude on a marked scale (Fig. 2.1a). 

(ii) A diagrammatic representation of an absolute or a relative 
magnitude (Fig. 2.1b and c). 


D.2.2 Vector A quantity that has magnitude as well as direction. 

EXAMPLES Linear displacement, linear velocity, force, linear 
momentum, electric current. 

WRITTEN REPRESENTATION One of the following : 

(i) a single letter of the alphabet printed in italic with an 
arrow over it [e.g. F. ¥, F P, Í), or 
k oe a single letter of the alphabet printed in bold [e.g. r, v, F, 

J; 

(iii) a pair of capital letters of the alphabet, printed in italic 
with an arrow over it [e.g. OA, MN] 

SPECIFICATION (i) Magnitude: Numerically specified by 4 
scalar quantity [e.g. ‘the magnitude of the force F is 2.5 N’]. Alge- 
braically, the magnitude of a vector M is denoted by the same 
symbol in italic, M [e.g. ‘the magnitude of the displacement r is r'] 
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(ii) Direction:Specitied verbally. mathematically or pictorially 
with reference to a known reference-direction or co-ordinate- 


À Saas è N 
system [e.g. ‘the velocity of this car is directed due north’] ; 5 
PICTORIAL REPRESENTATION A straight line with an arrow- 4 Oe = 
head (Fig. 2.2). kt—magnitude-——‘AA £ 


(i) Magnitude: Pictorially represented by the length of the FIG. 2.2 Arrow representing 
straight line from base to tip of arrowhead drawn to scale (Fig. vector quantity. Length of arrow 
2:2) is proportional to the magnitude 

(ii) Direction: Pictorially represented by the arrowhead with of the vector quantity; arrowhead 


reference to a marked reference-direction or coordinate-system points in the direction of the 
Fi vector quantity. To specify magni- 
(Fig. 2.2). tude, a scale is necessary; for 
direction, a  reference-direction 


2.2 RELATION BETWEEN TWO VECTORS is necessary. 


Two vectors representing the same physical quantity can be 
mathematically related to each other in ways which depend on 
their directions with respect to each other. 


D.2.3 Parallel Vectors (vectors having the same direction) Two 
vectors pictorially represented by parallel lines with arrowheads - 
towards the same side. 


D.2.4 Antiparallel Vectors (vectors having opposite directions} 
Two vectors pictorially represented by parallel lines with arrow- 
heads towards opposite sides. 


[| ! ed i \ 


(a) (b) (d) (e) (f) (2) @® i (i) (k) i) 

FIG: 2.3 All the possible relations between two vectors. Vectors in pairs (a), (c), (e) and (/%). are parallel 
to each other. Vectors in pairs (b), (d), (f), (g), (i) and (j) are antiparallel to each other. Vectors in pairs 
(c) and (e) are equal to each other. Vectors in pairs (d), (f) and (g) are inverse to each other. Vectors in 
pairs (k) and (/) are neither parallel nor antiparallel nor equal nor inverse. 


D.2.5 Equal Vectors Two parallel vectors having equal magni- 
tudes (ie, two vectors having the same direction and equal 
magnitudes). 


D.2 6 Inverse Vectors (negative of a vector) Two antiparallel 
vectors having equal magnitudes (i.e. two vectors having oppo- 
site directions and equal magnitudes). 


D.2.7 Resultant of Two Vectors A single vector that can re- 
place, in magnitude as well as in direction. two given vectors, 
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FIG. 2.4 Resultant displacement 
of the aircraft from Delhi to 
Calcutta is sum of two displace- 
ments from Delhi to Nagpur and 
Nagpur to Calcutta. 


REVISION IN PHYSICS 


EXAMPLES (i) An aircraft flies from Delhi to Bhopal (first 
‘hop`) and then from Bhopal to Calcutta [second *hop’, (Fig. 2.4)]. 
These two consecutive displacements can be replaced by a single 
‘resultant’ displacement of the aircraft from Delhi directly to 
Calcutta (resultant ‘hop’). 

(ii) Two boys together apply forces F; and Fg, in the same 
direction, on a box. They thus move the box from position A 
to position B. A grown-up man applies a single force F to move 
the same box from A to B, in the same time. Therefore, F pro- 
duces the same effect as Fy and Fa taken together, and may be 
called the ‘resultant’ force (Fig. 2.5). 


Law 1 : PARALLELOGRAM LAW OF VECTOR ADDITION 


The resultant of two vectors p and q, originating at the same 
point and inclined towards each other at an angle 6 in their 


Displacement 


FIG. 2.5 The force F applied bya grown up man produces the same effect as nroduced by ‘two boys 


applying forces F, and F, 


FIG. 2.6 Parallelogram iaw of 
vector addition. Vectors p and q 
are the addends, and r vector is 
the resultant. ABCD is the paral- 
leogram formed by q and p; the 
resultant r lies along the diagonal 
AC. 


ç Pictorial representation, is given in magnitude and direction by 
the diagonal of the parallelogram, formed by p and q, which 
originates at the same point as the two vectors. 


Three Cases of the Parallelogram Law 


CASE] : ADDITION OF PARALLEL VECTORS (6=O°) As 
6 in Fig. 2.6 decreases towards zero, the parallelogram 
ABCD assumes the form shown in Fig. 2.7 (a). 

At 0=0°, pand cgcoincide in direction. Their resultant may 
then be shown as in (Fig. 2.7b andc). 

Hence, for parallel vectors, the resultant is specified as follows. 

(i) Magnitude:r = p + q (E.2.1) 

(ii) Direction: Same as that of p and q. 

CASE 2 : ADDITION OF PERPENDICULAR VECTORS (0=90°) 
As 6 in Fig. 2.6 increases towards 90°; the parallelogram 
ABCD becomes a rectangle. 

Applying Pythagoras’ theorem to the right-angled triangle 
ABC, we get the relation : 


AC? = AB? + BC? = AB? + AD? 
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TEUA E ESSEE AEA. 
4 D 
a A p B 
(>) 
fa) A r c 
4 p 2 
A 4 D 


(G) 
FIG. 2.7 (a) Form of parallelogram ABCD at 620° (b) At 0=0° p and q coincide. Resultant r 
taking first q and then p. (C) Resultant r, taking first pand then q. 
Using the definition of the tangent of the angle « in Fig. 2.8, 
we have the relation : 
BC _ AD 
tanak 75 ~ AB 
Hence, for perpendicular vectors, the resultant is specified as 


follows. 
(i) Magnitude:r? = p? + g? (E2.2) FIG. 2.8 Form of parallelogram 
(E.2.3) ABCD at 0=90°. ABC is now 


(ii) Direction:tan a = p/q 
CASE 3 : ADDITION OF ANTIPARALLEL VECTORS (sUB- ^ right angled triangle. 
towards 


TRACTION) (6=180°) As @ in Fig. 2.6 increases 


> p-> << —— 
A B q p A 

P q D P po A | Ee ne" 
“FIG. 2.9 (a) Form of parallelogram ABCD for p>q 6~180°. (5) p andq are antiparaltel at 0=180°. 


(c) Resultant of p and q for p>q, 6=180°. 


180°, the parallelogram ABCD assumes the form shown in Fig. 
2.9 (a) and Fig. 2.10 (a) for the two situations described below. 
"At 6=180°, p and q become antiparallel. Two possibilities of the 


resultant arise. 
D c A r G 
aml ——— 
q TN eS | B 


P 
q B A 
@) dhe © to) 
FIG. 2.10 (a) Form of parallelogram ABCD for p<q, 0=180° (6) p and q are antiparallel at y=180° 
(c) Resultant of p and q for p<q, 6=180°. 
(a) p>q : For this possibility the vectors may be represented 


is in Fig. 2.9. 
Hence, the resultant of the two antiparallel vectors is given in 
magnitude and in direction by 
(E.2.4) 


r=p—9 
(i) Magnitude: r= p— q 
(ii) Direction: Same as that of p 
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(b) p<q : For this possibility the vectors may be represented 
as in Fig. 2.10. 
Hence. the resultant of two antiparallel vectors is given in 
magnitude and in direction by 
r=q-p (E.2.5) 
(a) Magnitude: r = q — p 
tb) Direction: Same as that of q 


2.3 RESOLUTION OF A VECTOR 


The parallelogram law enables us to replace two vectors by a 
single ‘resultant’ vector. The process of resolution enables us to 
replace a single vector by two or more “component” vectors. 


D.2.8 Components of a Vector Two or more vectors which, 
taken together. can replace a given single vector. in magnitude 
as well ay in direction. 

EXAMPLES (i) In Fig. 2.4. the two displacements j and k can 
replace the single displacement l: hence, j and k are ‘com- 
ponents’ of I. 

(ii) In Fig. 2.5, Fy and Fz are ‘components’ of F. 

(iii) In Fig. 2.11,¥, and vy are components of Y. 


on E x  D.29 Resolution of a Vector The process of finding components 
x of a given single vector. along two or more specified directions 
FIG. 2.11 Components ofa (usually. along two directions perpendicular to each other). 

ie on = ue SPECIFICATION The magnitudes of the components of a giy en 
ycomponent of the vector v. vector depend upon the directions of resolution [e.g. OK’, oC 
and OM" are components ofrin the same direction but have, 

different magnitudes because of the different directions OL, OY, 
and ON of the resolutions} (Fig. 2.12). | 


Y 


MM 
(a) (b) (c) 

FIG. 2.12 Resolution of the same vector d along three different sets of coordinate-axes. - Axes in (a) and (C) | 
are oblique, and axes in (b) are cartesian. Note that for the same d, OK’ + OX’ 4 OM’, although OK’. ox" 
and OM’ lie along the same direction, Also OL’, OY'and ON'are unequal and lie along different directions. — 
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SOLVED EXAMPLES 


EXAMPLE 2.1 A vector A of magnitude 4 is 
directed along the positive x-axis. Determine 
— A (the inverse of A). 

Solution When a vector is multiplied by a 
negative sign, 

(i) the magnitude of the vector remains 
the same, and 

(ii) the direction of the vector is reversed. 
Let Be—A. Then (i) the magnitude of Bethe 
magnitude of A=4; and (ii) the direction of B 
is opposite to that of A, i.e. Bis directed along 
the negative x-axis. 

Answer The vector—A has magnitude 4 
and is directed along the negative x-axis. 
EXAMPLE 2.2 Ramesh walks 1.5 km due east. 
If he then walks another 1.5 km (i) due east, 
or (ii) due west, what is his displacement from 
the starting point ? 


N 
A B 
— — 
C B 
(a) (b) 
FIG. 2.13 


Solution Let us use the notation 

A-the first displacement (1.5 km due east), 

R=the second displacement, and 

C-A-B 

(i) If Ramesh walks another 1.5 km due 
east, A and B are in the same direction. Hence, 
the magnitude of C = A + B = 1.5 km + 1.5 
km = 3 km: the direction of C is the same as 


p = 25 units 
q = 25 units 
70° 


Ld 
(a) (b) 
FIG. 2.14 (a) Vectors p and q, with different 


that of A, i.e. due cast. 

(i) If Ramesh walks the second 1.5 km 
due west, vectors A and B are in the opposite 
directions. Hence. the magnitude of C= A- B= 
1.5 km=1.$ km=0 km; the vector C has no 
direction. 

Answer In the first case displacement of 
Ramesh is 3km due east from the’ starting 
point. In the second case he undergoes no re- 
sultant displacement from the starting print. 

Notes (i) In vector notation, C0 and is 
called a null vector, A null vector has zero 
magnitude and no direction. 

(ii) In answering any question on vectors, a 
clear and neat diagram is essential. Always 
first draw the diagram, mark the given quanti- 
ties on it, and then proceed to solve the 
problem. 

EXAMPLE 2.3 Find (i) p+q; and (ii) P—Q 
where pand q are two vectors as shown in 
Fig. 2.14 (a). 


Solution (a) p+q First Graphical Method 
Let the scale of Fig. 2.14 be 1cm 10 units. 
Since the bases of two vectors are at different 
points (Fig. 2.14 (a)), we shift the vectors q till 
its base coincides with that of p (Fig. 2.14 (b)) 
(Remember that a vector does not change when 
it is shifted so long as its magnitude and direc- 
tion remain unaltered). Now complete the 
parallelogram ABCD (Fig. 2.14 (c)). According 
to the law of parallelogram of addition of vec- 
tors, AD is the resultant of p and q or Ab- 


(G) (d) (i. Aaa 
points of application. (b) Vectors q shifted till its basè 


coincides with that of p. (c) Resultant r=p+4 obtained by the parallelogram law of vector addition. (d) 
Vector q shifted till its base coincides with the head of p. (e) Resultant r=p+4 obtained by the triangle law of 


vector addition. 


24 


p+q. From Fig. 2.14 (c), by physical measure 
ment we obtain 

(i) Magnitude 
units. Sat 

(ii) Direction of AD=inclined at angle « to 
p; 2 = 30°. 

Second Graphical Method Shift vector q 
till its base coincides with the arrowhead of p 
(Fig.2.14 (d)) (i.e. draw a line starting from the 
head of p and=[ cm long parallel to q). The 
vector p+q is a vector from the base of pto 
the head of q (Fig. 2.14 (e)). 

(This method of obtaining the resultant is 
called the triangle law of addition of vectors, 


of AD=AD=3.8cm—38 


It produces the same results as the parallelo- © 


gram law of addition). 

(6) p—q Second Graphical Method Draw a 
vector- q (1 cm long but opposite in direction 
to that of q (Fig. 2.15 (a)). Shift vector—q 
till its base coincides with the head of p (Fig. 
2.15 (a). The vector p—q is the vector from 


(a) (4) 

FIG. 2.15 Vectors p and q of Fig. 214 (a), for 
subtraction. (a) Inverse of q shifted so that its 
base coincides with head of p. (b) Resultant r=p—q 
obtained by triangle law of vector addition. 


the base of p to the head of —q (Fig. 2.15 (b)), 
by the triangle law of addition of vectors. 

By measurements : 

(i) Magnitude of p—q=2.6 cm=26 units, 

(ii) Direction of p—q-=inclined at an angle 
p to pwhere p=48°, 

Answer (t) The vector p+q has magnitude 
38 units and makes an angle 30° anticlockwise 
to the direction of p. (ii) The vector p—q has 
magnitude 26 units and makes an angle 48° 
clockwise to the direction of p. 


Suggestion Do second part of this 


question by first graphical method also. 


REVISION IN PHYSICS 


EXAMPLE 2.4 A box lies on the ground and is 
pulled by two persons with the help of ropes. 
One person pulls one rope with a force F; of 
magnitude 50 N, and the other pulls the second 
rope with a force Fz of magnitude 40 N. The 
angle between the two ropes is 60°. Find the 
magnitude and direction of the force which can 
replace these two forces. 


FIG. 2.16 


Solution Choose the scale 1 cm = 25 N. 
Draw a line AB 2cm long parallel to Fi. 
Draw another line AD 1.6 cm long at an angle 
60° to AB. Thus AB and AD respectively re- 
present F; and Fe. Now complete parallelogram 
ABCD. By the definition of a resultant. the 
diagonal AC represents the single force which 
can replace the two forces F; and Fo. 

From Fig. 2.16(b),7CAB=20.6° and the 
length of AC=3.1 cm; hence, 
AC in Newtons=3.1 x 25N=77.5 N. 

Answer The force which will replace the 
two given ferces has the magnitude 77.5 N 
and makes an angle 20.6° with the direction of 
the 50 N force. 


EXAMPLE 2.5 A boat crosses a river. If 
the water were absolutely still, the boat would 
cover a distance of 60 m in 10 minutes, per- 
pendicular to the length of the river. Actually, 
the water flows steadily and uniformly so that 
it pushes the boat 20 m downstream in 10 
minutes. Find the actual distance travelled by 
the boat and the direction of its actual path. 

Solution In the actual situation, the boat 
undergoes two simultaneous displacements, 
in the same time (10 minutes) which can be 
represented vectorially as follows : 

M-=the displacement of the boat in still 
water (magnitude : 60 m; direction: perpendi- 
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M (displacement in still water). A 


N (additional 


displacement due 
to flow of water) 


C 
FIG. 2.17 Graphical solution by method of triangu- 
lation. 


cular to the length of the river). 

N=the displacement due to the flow of 
water (magnitude : 20 m; direction : along the 
length of the river). 

We have to obtain the resultant of these 
two vectors which will give us the actual path 
of the boat. We can use one of two methods. 

Graphical Method Let 1 cm represent 10 
m. Then the line OA of length 6 cm repre- 
sents the displacement M (Fig. 2.17). The line 
OB 2 cm long and perpendicular to OA repre- 
sents the simultaneous displacement N. Com- 
pleting the xe rectangle OACB, we obtain the 
resultant OC, which represents the actual path 
followed by the boat. From Fig. 2.17,we obtain 
the measurements : OC = 6.3 cm, which repre- 
sents 6.3 x 10 m =63 m; ZCOA = 19° approxi- 
mately; andZCOB=90°—19°=71° (approx- 
imately). 

Answer (by graphical method) The boat 
travels 63 m in 10 minutes along a line making 
an angle 71° to the bank of the river from 
where it started. 

Analytic Method Let L represent the actual 
displacement of the boat. Then L=M—N. 
The magnitude of L is given by 

L?= M2-+ N2=(60m)?-+ (20m)2=4000 m? 


or L=63.2m 
The direction of L is given by 
N _ 20m 
tan = — = = 
a i 0A 0.333, or 


«a =tan! 0.333 
From the tables, «=18° 24’. Thus the angle 
made by the actual path to the bank of the 
river from which the boat starts is 90°—18° 24' 
=71° 36' 
Answer (by analytic method) The actual 
distance covered by the boat is 63.2m and its 
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direction makes an angle of 71° 36' to the 
nearer bank. 

Note The difference in the values obtained 
by the two methods is due to the imprecision 
and inaccuracy of the measuring instruments. 
The analytic method always provides the more 
precise and accurate answer. 


EXAMPLE 2.6 The barrel of a missile laun- 
cher makes an angle 30° with the horizontal. 
The missile leaves the barrel at a speed of 300 
ms}, Determine its speed parallel to the 
ground and perpendicular to the ground at the 
moment the missile leaves the barrel. 

Y 


Horizontal component of V 


FIG. 2.18 Graphical determination of components 
of vector along cartesian coordinate-axes. 


Solution Let a vector v represent the 
velocity of the missile, 300 ms ! inclined at 30° 
to the horizontal. We have to find the com- 
ponent of v along the horizontal (parallel to the 
ground) and vertical (perpendicular to the 
ground) directions. 

Let 1 cm represent 50 ms}, Draw a line 
OX representing the horizontal direction. Draw 
another line OY at a right angle to OX, repre- 
senting the vertical direction. Draw a line 
OA 6 cm long making an angle of 30° with OX. 
OA represents the vector v. From A drop a 
perpendicular AB on OX. From Fig. 2.18 

AB = vertical component of v = 3cm; 

AB in ms! = 50 ms! x 3= 150 ms™! 

OB=horizontal component ot v= 5.2cm; 

OB in m s™! = 5.2 x 50ms™t = 260 ms`!, 

Answer (by graphical method) The speed 
of the missile parallel to the ground is 260ms ! 
and perpendicular to the ground is 150ms !. 

Analvtic Method From Fig. 2.18 
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AB=OAsinZAOB=OA sin 30°= 300 x$ 
ms !=150 ms ! 

OB=OA cos ZAOB=OA cos 30°=300 x 
4/312 ms }--257ms" 
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Answer (by analytic method) The speed of 
the missile parallel to the ground is 257 m s`! 
and perpendicular to the ground is 150 m s 1, 


PROBLEMS 


Represent the following vectors graphically, 
choosing appropriate scales : (i) the velocity ofa 
motorcycle, travelling at a speed of 45 km h~t nor- 
thward; (ii) the displacement of an ant, of magni- 
tude Scmin a direction 75° clockwise to the x- 
axis, starting from the origin; (iii) the displacement 

in a cartesian coordinate system, from (—1, -—2) to 

(2.3) 

Determine --A where A is (i) 10 m s-1, 40° north 

of east; (i1) 7 ms~1 due west: and (iii) 14 m, 30° anti- 
clockwise to the x-axis, directed away from the 
origin. 

Find the single force which can replace two forces 
A and B acting simultaneously on a body, when (i) 
A=10N due east, B=40 N due east: and (ii) A= 
30 N due east, B=31 N due west. 

A girl walks 700m east, turns towards the north, 
walks another 1.30km and stops. Find her net 
displacement from the starting point (i) graphi- 
cally, and (ii) analytically. 

Two forces of magnitude 3 N and 4 N, perpendi- 

cular to each other, act on a body. Draw a vector 

diagram and determine their resultant, 


ww 
vv 


2.4 


p=20 units 
q=40 units 
aie. E 
p p a 
p po 
(i) (ii) (i) 


FIG. 2.19 Pairs of vectors p and q for operations 
of Problem -2.6 


.2.6 For the vectors p and q given in the following dia- 
grams, find (i) p—q; (ii) p—q; (iii) q—p:; and (iv) 
2p—q for vectors of (ii) 

2.7 Find the resultant of the two forces shown below. 


45N 
47° 
DA 30N 
N 


iN 10 (b) 
(a) FIG. 2.20 


2.8 A tennis player serves the ball with an initial speed 
30ms-1, at an angle of 5° to the horizontal. How 
fast does the ball travel (i) parallel to the ground, 
and (ii) towards the ground, at the time it is served. 
(Solve this graphically as well as analytically.) 

2.9 A gun fires a shell at a speed of 250.0m s-t at an 
angle of 40° to the horizontal. How fast does the 
bullet (i) rise, and (ii) travel along the horizontal 
just as it leaves the gun? 

2.10 An aircraft has x and y components of its acce- 
leration equal to 5.0ms-2 and 8.0ms-2, respec- 
tively, What is the magnitude and the direction of 
the actual acceleration of the aircraft? 

2.11 An aircraft can travel due east in stillairat a 
speed of 400 km h-1. Suppose there is a steady 
wind of velocity 75 km h-1 due north. Determine 
the actual path and distance travelled by the air- 
craft in one hour. 


3. Types of Motion 


3.1 THE CONCEPT OF MOTION 


The concept of motion is perhaps the most important one used 
in the physical and biological sciences, as well as in industry 
and technology. It. is a complex concept, but you have to 
begin understanding and using it in a simple way. The concept 
of motion involves three basic ideas, space, position and time. 


D.3.1 Space The unlimited expanse or extent in which all the 
physical bodies in the universe exist and in which all physical 
events occur. 


D.3.2 Time The measure of an action, event or process occur- 
ing in space that enables us to estimate change. 


D.3.3 Position The measure of the ‘place’ a physical body 
occupies in space, with reference to a fixed or known reference- 
point in space. 


D.3.4 Motion The state or condition of a physical body during 
the time jn which it changes its position with respect toa fixed 
or known reference-point. 

SPECIFICATION Two physical quantities have to be specified 
to completely describe motion. 

(i) The change in the position in space, with respect to a 
reference-point. 

(ii) The period of time over which the change of position 
occurs. 

LIMITATIONS OF THE CONCLPT (i) In qualitative terms, 
‘motion’ cannot easily or always be described accurately and 
precisely. ? 

(ii) In quantitative terms, motion’ cannot be described accu- 
rately and precisely unless we have a reference-point as well as 
the means to measure time properly. 
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d, is the displacement of 
displacement of the body at 


(a) 


FIG. 3.1 Displacement (a) for a body moving in a straight line, (b) for a body moving in a curved path. 
_the body at position A with respect to the reference point O and d, is the 
Position B with respect to the reference point O. 
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TYPES OF MOTION Motion can be of various types. It may 
occur 
(i) ina straight line (linear motion); 
(ii) along a curved line (angular motion); 
(iii) along a circle (circular motion); ' 
(iv) uniformly; or ] 
(v) nonuniformly. H 
Also, physical bodies may be in motion with definite patterns” 
(as listed above) or without any predictable pattern (random 
motion). 


3.2 LINEAR MOTION 


A physical body which changes its position in space by travell- 
ing along a straight-line path is said to be in linear motion. 


D.3.5 Linear Displacement (or, simply, Displacement) The 
change in the position of a physical body in space. 
EXAMPLES See. Fig. 3.1. 


TYPE OF QUANTITY Vector 

WRITTEN REPRESENTATION d 

SPECIFICATION (i) Magnitude: Straight line distance between 
initial and the final position; Measured in metre (m). 

(ii) Direction: As that when moving from the initial to the 
final position, along a straight line. 

PICTORIAL REPRESENTATION A straight line joining the initial 
to the final position with arrowhead at the final position (see 
Fig. 3.1). s 

LIMITATION OF THE CONCEPT The displacement vector gives 


no indication of the actual path of motion of the body (see 
Fig. 3.1). 


D.3.6 Average Linear Velocity (or simply, Velocity) The rate 
of displacement of a body from an initial to a final position. 
TYPE OF QUANTITY Vector 
WRITTEN REPRESENTATION V, Vi, Vy 
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29 
SPECIFICATION 3 Tat ii 
R displacement a R 
y city am mepi ory = S 
elociy eae elapsed t s A 
(i) Magnitude : the scalar ratio (d 1), measured in metre per E Fj 
second (m s7?), actual 
(ii) Direction; Same as that of the displacement vector. 
notes (i) If the velocity of a body changes, its initial velocity Start a End 
is denoted by v: and its final velocity by v7, Tima t -O Time ¢ 
li) In the case of changing velocity, the average velocity is 
Mth ae pie one A s ES FIG, 3.2 For a displacement d 
given by v E a neat taking placo in time ¢ the velocity 


=å) 


D.3.7 Average speed (or, simply, Speea) A measure of how 
fast a body is moving. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION U, Ui, Uy 

SPECIFICATION 

actual distance travelied EnEn 
pee time elapsed Ms Mimi ’ 

Magnitude: The scalar ratio (s/t), measured in metre -per 
second (m s7}), 

NOTE If the speed of a body changes, its initial speed ıs deno- 
ted by u: and its final speed by us. 

LIMITATION OF THE CONCEPT For a body in uniform linear 
motion, the speed is equal to the magnitude of the velocity; 
ifor a body in nonlinear motion, the speed may not be equal to 
the magnitude of the velocity. 


D.3.8 Average Linear Acceleration (or, simply, Acceleration) 
The rate of increase of the velocity of a body in linear motion. 
EXAMPLE See Fig. 3.3 a 
TYPE OF QUANTITY Vector 
WRITTEN REPRESENTATION & 
SPECIFICATION 


ET E, (final velocity) — (initial velocity) 
cceleration = time elapsed 


If vi is the initial velocity and vy is the final velocity, for an 
accelerated body, v/>v:, so that a is positive. 


PS Lies) (E. 3.4) FIG, 3,3 Tho readings of a 

f t speedometer of an accelerated 

(i) Magnitude : Measured in metre per second per second scooter at different time intervals, 
(m s72) 


(ii) Direction : Same as that of the velocity and the displace- 
ment vectors of the body. 
Two CASES OF ACCELERATION 

Case 1: Uniform Linear Motion a=0, v/=vi when the magni- 
tude of a is zero, the velocity vector of the body in motion has a 
constant magnitude as well as a constant direction. Hence, the 
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10s 20s 30s 40s body moves equally fast at all times along a straight line path, 


Os 
and is said to be in uniform linear motion. 
EXAMPLES (i) A ball rolling or sliding across the smooth sur- 


face of an ice-pond. 


CDPD KTDI ELER, (ii) A scooter moving with the same speed at all times (see 


Constant reading: 45 kmph Fig: 3-5). 

PICTORIAL REPRESENTATION Uniform linear motion can be 
represented by two kinds of graphs. 

(i) Velocity-time graph For uniform linear motion, magnitude 
of velocity plotted against time is a straight line parallel to the 
time-axis (Fig. 3.4). 

0 Ww 20 30 40 ‘ae NoTE Speed is the magnitude of velocity for uniform 
linear motion. You can as well plot the speed vs. time. 

rags Ge Pioreneyeoay oa (ii) Displacement time graph For uniform linear motion, 
graph for a scooter in uniform Dende ue ihe displ: l d 3 ; + iraidh 
linear motion. (a) Shows the gnitude of the displacement plotted against time is a straig t 
constant speedometer reading. (b) line inclined with respect to the time-axis. The slope of the 
The graph is a straight line line is constant and is equal to the magnitude of the velocity 
parallel to the time axis. (the speed, for uniform linear motion) (Fig. 3.5). 


v(kmh7?) (a) 


800 


600. 


60s Sa I RT ae 


om 200 m 400 m 600 m t (min) 
(a) f (c) 
ee a8 Plotting displacement-time graph fora scooter in uniform linear motion. (a) Shows: the linear 
otion. The graph (b) is a straight line to the time axis (this corresponds to Fig. 3.4). (c) depicts the case 


peg scooter. Here d=500m (constant) and v=0, and the displacement-time graph 1s now parallel to the 


NOTE The distance is the magnitude of the displacement for 
uniform linear motion. You can as well plot distance vs. time. 
a Case 2; Uniformly Accelerated Linear Motion (a=constant 
E 30 a= BC vector) The acceleration vector is constant in magnitude as 
x 


AB well as in direction. Therefore, the velocity of the body in- 
creases in magnitude at the same rate at all times. 
EXAMPLES The linear motion of a heavy stone dropped from 
a tower. (The magnitude of the velocity increases at a constant 
rate, and its direction does not change). 
O 10 2030-40 PICTORIAL REPRESENTATION Uniform] lerated linear 
R c ormly accelerated li 
FIG. 3.6 (a) A graph between MOtion can be represented by two kinds of graphs. 
the reading of the speedometer (i) Velocity-time graph For uniformly accelerated linear 
and time for Fig. 3.3 motion, the magnitude of the velocity is plotted against time. 


Vit 
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The curve is a straight line inclined with respect to the time-axis, 
and has a positive slope equal to the magnitude of the accelera- 
tion. (Fig. 3.6). 

(ii) Displacement-time graph For uniformly accelerated 
linear motion, the magnitude of the displacement is plotted 
against time. The curve bends steadily upwards, as shown in 
Fig. 3.7, and has a steadily increasing positive slope. The shape 
of the curve is parabolic. 


D.3.9 Average Linear Deceleration (or, simply, Deceleration or 
Retardation) The inverse acceleration acting on a body; the 
rate of decrease of the velocity of a body in linear motion. 

EXAMPLES (i) When the brakes are applied on a moving car, 
the vehicle decelerates. 

(ii) When a ball is thrown upwards, it decelerates. 

TYPE OF QUANTITY Vector 

WRITTEN REPRESENTATION ‘A 


SPECIFICATION In the case of deceleration vf < n so a is 

negative. 

(i) Magnitude ; measured in metre per second per second 
(m s-2). 


(ti) Direction : 
placement vectors. 

PICTORIAL REPRESENTATION The same types of graphs as for 
uniformly accelerated linear motion. 

(i) Velocity-time graph For uniformly decelerated linear 
motion, the magnitude of the velocity versus time is a straight 
line. The line has a negative slope which is equal to the mag- 
nitude of the deceleration. (Fig, 3.8). 

(ii) Displacement-time graph For uniformy decelerated linear 
motion, the magnitude of the displacement plotted against time 
is a parabola, as shown in Fig, 3.9, At any particular point, 
the slope is positive and is equal to the magnitude of the velo- 
city at that instant. 


Opposite to that of the velocity and the dis- 


(a) (b) 


v;=20ms 
a=4ms~2 


42m 


0 18m 


FIG. 3.9 (a) The position of the car every 1s after the brakes are applied. 
The brakes produce constant retardation of 4ms~2 (b) The displacement 


32m 


versus time graph for the constantly retardated car. The car comes 


to stop after 5s. 
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FIG. 3.6`(b) velocity-time graph 
when acceleration is not constant 


V 


o 
104 ° 40. (b) 
° 
§ 20 z 
Eeg 
FE) y2 
o 
40 10 
50 S 0 2 
(a) tí x 0.01435) 


FIG. 3.7 (a) The positions at 
every 0.0143s of a water drop 
falling from a , pipette. The 
drop falls under the action of 
gravity and hence is accelerated 
uniformly. (b) A graph between 
the displacement of the water drop 
and time. 


t48) 
0 2 4 6 


48m 50m FIG. 3.8 The graph of the 


velocity versus time of a body 
subjected to uniform retardation. 
The velocity of the bodyis not 
zero when retardation starts. 
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3.3 EQUATIONS OF LINEAR MOTION 


The linear motion of a uniformly accelerated or uniformly 
decelerated body can be described quantitatively. This quanti- 
tative description is given the form of three equations, which 
relate velocity, acceleration. displacement and time. 
First Equation vs=vi--at (E.3.5) 
DERIVATION (i) By definition (D.3.8, E.3.4), a=(v;—vi)/t 
(ii By cross-multiplication, at=vs—vi 
(iii) By transposition, vs=vi-+-at 
Second Equation d=vit + } at? (E.3.6) 
DERIVATION (i) By definition (D:3.6, E. 3.1), v =d/t 
(ii) By cross-multiplication and transposition d=vt (E.3.7) 
(iii) For uniformly accelerated linear motion (E. 3.2), 
v= mo (E. 3.2) 
(iv) Using E.3.2 to substitute for v in E.3. 7, 
d=} (vs-+vi) t 
= $ vet vit 
(vy) Using E.3.5 to substitute for vy 
d =} (vitat) t + } vit 


= vit + $ at? 
Third Equation v? = v2 + 2ad (E.3.8) 
DERIVATION (i) By definition (D.3.8, E.3.4),a=(vs—vi)/t 
(ii) By rearrangement, t = (v;—v)/a (E.3.9) 


(iii) By E.3.6,d = vit + } at? 
(iv) Substituting for ¢ from (E.3.9) 
pot Wt (vs — Ws. 4 (ve — vi)? 
a a 

_ vei — ve (Rvp? —— 2m + v?) 

EF a + a 
Af v2 =, vie 

2a 

(vy) By rearrangement, vs? = vi2 + 2ad 
LIMITATIONS OF THE EQUATIONS 

(i) The three equations of motion involve only scalar quanti- 
ties. 

(ii) The equations can be applied only toa body moving 
with uniform acceleration or deceleration along a straight-line 
path. For deceleration, replace a by + a, 

(iii) Since the equations are applicable only to uniformly 
accelerated or decelerated linear motion, the magnitude of velo- 
city can be replaced by the speed of the body, and the displace- 
ment can be replaced by the actual distance covered by the body 
in motion. Hence, E.3.5, E.3.6 and E.3.8 can be written only for 


linear motion as uy = ui + at 
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s = uit + at 
u = u? + 2as 
(iv) To completely describe the linear motion of a uniformly 
accelerated or decelerated body, just one or any tw9, Or all three 
of the equations may be used in a given problem. 


3.4 CIRCULAR MOTION 


When a body in motion does not traverse a straight-line path, 
its motion is said to be angular. Angular motion may have a 
variety of paths, some of which are shown in Fig. 3.10. 

For a body in angular motion, the position, the displacement, 
the velocity and the speed have to be defined in terms of angles. 
These angles have to be specified in relation to a fixed reference- 
point on a fixed reference-line (Fig. 3.10).. Here we shall deal 
with only angular motion around a circular path. 


D.3.10 Angular Position The position of a body on a circle 
measured by the angle subtended by the body at the centre of 
the circle with respect to a fixed reference-line passing through 
the centre (Fig. 3.11). 

EXAMPLES (i) Latitudes and longitudes express angular posi- 
tions on the earth’s surface. 

(ii) For a ball on a string, rotated along a circular path, as 
shown in Fig. 3.11. 

TYPE OF QUANTITY Scalar 

WRITTEN.REPRESENTATION 8 

SPECIFICATION Magnitude : Measured in radian (rad). 

DETERMINATION The angular position of a body on a circular 
path can be determined only if the following have been deter- 
mined : 

(i) the position of the centre (the reference-point) of the cir- 
cular path; t 

(ii) the position of the reference-line, passing through the 
centre of the circular path; ; 

(iii) the location of the body on the circular path; and 

(iv) the position of the radial line joining the location of the 
body and the centre of the circular path. 
Once these four determinations have been made. the angle 
(Fig. 3.11) can be determined. 

NoTES: (i) 1 radian = 360° 27 = 57.296° = 57° 17°45" 

(ii) one full revolution about a circular path involves a change 
of 27 radians in the angular position of a body. 


D.3.11 Angular Displacement The net change in the angular 
position of a body moving along a circular path, in a specified 
direction and around an axis passing through the centre of the 
circular path. 
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FIG. 3.10 Some examples of 
angular motion. (a) Motion of 
a ball rolling down an uneven 
slope. (b) Motion of a ball on a 
string (circular motion). (c) 
Motion of the earth around the 
sun in an elliptical path. 


Latitude 40° 


(“2 
C 


FIG. 3.11 The specification of 
angular position, (a) On earth, 
the latitude marks the position 
on the surface corresponding fo an 
angle 0 at the centre with respect 
to the equator. (b) Fora ball on a 
string, first specify an arbitrary 
reference line. The string (radial 
line) makes an angle 6 to the 
reference line at the centre. 


out uJ 
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(a) (b) 


FIG. 3.12 The angular displace- 
ment 6=6,—0; (a) for anticlock- 
wise motion 9y>0; and hence 9 is 
positive (b) for clockwise motion 
6,<6; and hence 6 is negative 


FIG. 3.13 Relation between the 
linear displacement and the ang- 
ular displacement. Linear velo- 
city is d/t and angular velocity 
Ori) t. 
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EXAMPLES See Fig. 3.12 (a) and (b) 

TYPE OF QUANTITY Vector: but here treated as scalar 

WRITTEN REPRESENTATION 07 — 8; 

SPECIFICATION Four quantities need to be specified. 

(i) The initial angular position of the body, 

(ii) The final angular position of the body, 

(iii) The direction of the movement of the body : either 
clockwise or anticlockwise. 

(iv) The axis perpendicular to the plane of the circular path 
passing through its centre, around which the angular displace- 
ment occurs. 

These four specifications enable us to specify the magnitude 
and the direction of the angular displacement vector, as follows. | 

(i) Magnitude: 0; — @:; Measured in radian (rad) 

(ii) Sign Convention (a) An anticlockwise displacement is 
taken to be a positive angular displacement. (b) A clockwise 
displacement is taken to be a negative angular displacement 
(Fig. 3.12). 


D.3.12 Angular Velocity The rate of angular displacement of a 
body moving along a circular path. 

EXAMPLE For the satellite Aryabhatt travelling in a circular 
path around the earth, completing one revolution in 5785 
seconds, the angular velocity is 2x/ 5785 =0.00109 rad per sec. 

TYPE OF QUANTITY Vector; but here treated as scalar 

WRITTEN REPRESENTATION w 

SPECIFICATION 
angular displacement 

time elapsed i 
ð; — 8: (£,3.10) 

(i) Magnitude: Measured in radian per second (rad s7!) 

(ii) Direction: Same as that of the angular displacement 
vector. 

RELATION WITH LINEAR VELOCITY At any given instant, a 
body moving along a curved path always has a linear velocity 
associated with it. This is explained in Fig. 3.13. For a body 
moving along a circular path of radius r with an angular velocity 
©, the linear velocity v is given by 

y=or (Engel) 

Derivation (i) By definition y = djt (E. 3.12) 

(ii) Geometrically, for a circular path a displacement d can 
be expressed as (Fig. 3.13c), d = r(y — €:) 

(iii) Substituting this expression for'd in E.3.1, we get, 

v = r (0; — bi)/t 
6, — 


ĝi 
S Hence, v = wr 


Angular velocity = 


w = 


(iv) By E.3.10 ùo = 
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SOLVED EXAMPLES 


EXAMPLE 3.1 A man standing on a Meerut 
City Railway Station platform, along a straight 
north-south tract, observed that an engine 
started shunting from the southern end of the 
platform and moved 1.1 km northward. The 
driver then reversed the engine and braked 
after travelling 0.6 km. If the platform is 0.3 
km long, determine the final (net) displacement 
of the engine from both the ends of the plat- 
form. 


Ww d, 
e e 
me $ ry 
Na B 
FIG. 3.14 


Solution In Fig. 3.14, AB=0.3 km, AC= 
l.l km, and CD=0.6 km; the engine starts 
from point A and travels northward upto point 
C, then reverses its movement to reach point 
D._ Mn vector notation, 

AC. displacement from A to C, 1.1 km due 
3N north, 
CD=displacement from C to D, 0.6 km due 
south. 
The two vectors AC and CD are opposite to 
each other; hence, from the law of addition of 
two vectors, À 
dı=net displacement of engine from point A 
=(AC—DC)==(AC—DC) due north 
= (1.1 km—0.6 km) due north=0.5 km due 
north. 
d.=net displacement of the engine from 
AY ate point B 
=(BC—DC)=(BC—DC) due north 
=(0.8--0.6) km due north=0.2 km due 
north. 

Answer The displacement of the engine 
from (i) the southern end of the platform is 
0.5 km due north, and (i) the northerr: end of 
the platform is 0.2 km due north. 


Examp.e 3.2 A car is driven on a straight 
road at a constant velocity of 60.0 km h`! due 
east, for 30.0 min. It turns around (assume 


that this happens instantaneously) and travels 
at a velocity of 80.0km h™! due west for 150 min 
and stops. Determine its (i) average speed, and 
(ii) average velocity. 


FIG. 3.15 


Solution (i) In Fig. 3.15, AB=the distance 
travelled in 30.0 min (0.500h) at a speed 60.0 
km h !=speed x time =60.0 km h`! x 0.500 h 

30.0 km- 30000 m. Similarly, BC=the 
distance travelled in 15.0 min (0.250h) at a 
speed 80.0 km h1=80.0 km h7! x 0,250 h- 
20.0 km- 20 000 m. 

The total distance travelled by the car=30 000 
m - 20 000 m=50 000 m. 
The total time of the journey=30.0 min +15.0 
min=45.0 x 60.0s=2700s. Hence, 
the average speed = total distance 
total time 
= 50 000 m / 2700s = 18.5 m s™!. 

(ii) The net displacement of the car--(AB 

BC) due east=AC due east=10 km due 
east. Hence, 

tied .  _ displacement 

the average velocity = meer eA 

=. 10000 m : 2700 s due east 3.70 ms"! due 
east. 

Answer The average speed of the car is 
18.5 ms 1, and its average velocity is 3.70 ms! 
due east. 


Examp.t 3.3 A car travels 6.00 km in 6.00 min 
eastwards. It then turns north and stops after 
travelling 8.00 km in 8.00 min, Find out its 
(i) net displacement, (ii) velocity, and (iii) 
speed. 

Solution (i) (a) In Fig. 4.16, the first dis- 
placement is given by b=6 km due east, and 
the second displacement by ¢==8 km due north, 
The two vectors are perpendicular to each 
other. From the law of addition of vectors, 
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FIG. 3.16 


their resultant displacement isd. From the 
properties of a right-angled triangle, 
AC2= AB?2+ BC2=(36+64) km?=100km? 
AC=10 km or d=10 km=10 000 m. 
(b) The direction of d is given by the angle 


a, where 
tan « = BC/AB = 8/6 = 1.6667, or 
a’ 153.27. 


(ii) The total time ¢ of the journey= (6+8) 
x 60s = 840s. 
Hence, the velocity displacement/total time= 
dit= 10000 m/840 s = 11.9 ms; direction 
same as that of displacement. 

| (iii) The actual distance travelled by the 
car = 6 km+8 km=14 km=14 000 m. 
Hence, the speed=the total distance travelled 
the total time =14 000 m/840 s = 16.7ms}. 

Answer The net displacement of the car is 
10 km, 53.2° east of north. Its velocity is 11.9 
ms}, 53.2° east of north, and its speed is 
16.7 m s~. 
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uniformly accelerates the electrons. If the 
electrons leave the electric field with a speed of 
about 106 m s™1, determine the magnitude of 
the uniform acceleration produced by the elec- 
tric field, assuming that the electrons remain 
in the electric field for 108 s. 

$ Electron === 
+4 = ond 

+ ‘ —_. 


Fluorescent 
screen 


Deflection yolk 


Solution In this case, from the above data, 
we have, us==102 m s7}, us=108 m s“}, and t= 
1078 s. Hence, 

uw—u 106 m s 1—10? m s~! 
E A 108s 
= 1014 m s2 

Answer The magnitude of the acceleration 

produced by the electric field is 1014 m s72. 


EXAMPLE 3.5 A boy sitting in a car moving in 
a straight line notes the readings of an odo- 
meter and obtains the following data; 


“Time 0 1 2 3 4 
( x 60s) 
Distance 50 51 52 53 53 
(in km) 


5 6 7 8 9 10 11 


53 55 57 59 61 61 61 


—_———.? $$ 


Suggestion Solve this problem graphically 
also. 


EXAMPLE 3.4 One of the important compo- 
nents of a television tube is the electron gun 
which produces fast-moving electrons. These 
electrons strike the phosphorescent end of the 
tube (the TV screen) to produce the picture. In 
the electron gun, the electrons emitted by a 
heated filament enter an electric field with a 
speed of about 102m s™!. This electric field 


Plot a graph between time and distance and 
then calculate the speed of the car during (i) t 
=0 min to2 min (ii) 3 min to 5 min, (iii) 5 
min to 9 min, (iv) 9 min to 11 min, and (v) 0 
min to 11 min. : 

Solution Let us represent the time on the 
horizontal axis (t-axis) of a graph paper, and 
the distance on the vertical axis (s-axis), 
choosing the scales (a) 1 unit on the t-axis 
represents 1 min (60 s), and (b) | unit on the 
s-axis represents | km (1000 m). Plotting the 
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s(km) 


Time 0 1.0 2.0 3.0 
(in s) 

Speed 0 2.8 5.6 8.4 
(m s) 


above™data along these axes and joining the 
successive points, we obtain the graph ABC 
DEF GHI JKL shown in Fig. 3.18. ‘The graph 
consists of four different straight line portions 
ABC, DEF, FGHIJ and JKL. We choose two 
points on each straight line segment, and use 
the corresponding values of ż and s to obtain 
the speed. 

(i) The speed over the segment 
DP (53—51) x 1000 m s 

BP (3—1) x 6 x GE- iiia =16.7 ms 1, 

(ii) The speed over the segment DEF 
=0, since the distance moved by the car dur- 
ing this period is zero. 

(iii) The speed over the segment FGHIJ= 
IQ _(59—55) x 1000 m_ a 
T (86) x fie eee ms. 

(iv) The speed over the segment JKL=0,, 
since the distance moved by the car during this 
period is also zero. 

(vy) The average speed for whole journey = 
Total Distance_1100m_ _} 7 m s1 

Total Time LES GO S 


ABC= 


Answer The speed of the car during first 
three min is 16.7 ms and during next two 
min it is zero. During 5 min to 9 min it is 
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33.3 m s~}, and for rest of the time zero. The 
average speed for the whole journey is 1.7 m 
sI 


(Remember that on each straight line seg- 
ment, the speed is constant. If a straight line 
segment is parallel to the t-axis then the 
speed is zero.) 


EXAMLE 3.6 The following observations were 
obtained (after a short calculation) from the 
speedometer of a vehicle travelling ‘on a 
straight road. 


4.0 5.0 6.0 7.0_ 8.0 


8.4 8.4 7.0 5.6 4.2 


Plot a graph between the time and the speed, 
and calculate the magnitude of the different 
‘accelerations of the vehicle. If the vehicle 
continues with the same acceleration after the 
eighth second, what will be its speed in the 
ninth second? 

Solution Let us plot time on the horizon- 
tal axis (t-axis) and speed on the vertical axis 
(u-axis), choosing the scales (a) 1 unit on the 
t-axis represents 1 s, and (b) | unit on the u- 
axis represents 1.4m s™}. Plotting the given 
data, we obtain the graph ABC DEF GHI. Fig. 
3.19. 


FIG. 3.19 


On each straight line segment, the magnitude 
of acceleration is constant. If the straight line 
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is parallel to the t-axis, then the acceleration is 
zero. 

(i) On segment ABCD, a = DP|PB = 
(8.4—2.8) m s™1/(3—1) s = 28 ms? 

(ii) On segment DEF, a=0. , Hence, the 
velocity during the corres poriding period is 
constant. 

(iii) On segment FGHI. a = FQ/QH = 
(5.6—8 4) m s™1/(7—5) s = —1.4 m s™>. 

Now, in order to find the speed at the 9th 
second, we extend the straight line F/ beyond 
I. The point J corresponds to [=9s. The 
speed corresponding to point Jis 2.8 ms7}. 
Hence, the speed at the 9th second- 2.8 m sl 

Arswer The magnitude of the accelerations 
of the vehicle during Osto3sis 2.8 m s72; 
during 3s to 5 s is 0; during 5s to 7 s is —1.4 
ms 2, The speed at 9th s will be 2.8 ms}. 


Exampce 3.7 A particle moving in a circle of 
radius 0.40 m, completes a half-circle in 5.5 s. 
Calculate its angular and linear speeds. 
Solution r=0.4 m, t- 5.55, =change of 
angle . 180° = 22/7 rad. 
we 0/f ~ (22/7) rad/5.5 s 
u=wxr 
=0.57 rad s ! x 0.4 m 
=0.23 m s7! 
Answer The angular speed of the particle 
is 0.57 rad ṣ`! and its linear speed is 0.23 m s~! 


0.57 rad s~? 


EXAMPLE 3.8 A body moves along a straight 
path. It is found that at the Sth second and 
the 8th second its speed is 20 ms! and 26m 
s71, respectively. Find (i) the magnitude of 
the constant acceleration, and (ii) the initial 
velocity of the body. 
Solution uat Sth second - 20ms"!.u at 

8th second = 26 m s™!. 

The change in the speed (26--20) ms ! 
=6m s7! 
The time required for the change- (8—5) s 
= 
Hence, the acceleration a=6ms 1/35 


2ms2. 
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Now a> 2ms2,t= Ss, us = = 20m s7}, 
and u; is unknown. 

We find that these tour quantities occur in the 
first equation of motion : 


ur Uir at 


We rewrite it as ui-=uy—at and on substitu- 

ting ga values on the right hand side, opin 
20 m s™1—2 m s72 x 5 s= 10 m s~! 

Pate The magnitude of the constant 
acceleration is 2 m s™2 and the initial velocity 
is 10 m s™i, 

Note You should tackle a problem relat- 
ing to the equations of motion by first writing 
down the three equations. Each equation in- 
volves four quantities; a problem usually gives 
the values of three quantities and requires that 
the fourth quantity be determined. You should 
pinpoint the equation which contains the three 
given and the one unknown quantity, and then 
use it to solve the problem. 


ExamPLE 3.9 A car travelling at 18 km h™! is 
accelerated uniformly to 72 kmh? in 15s. 
Calculate the distance travelled by the car in 
20 s. 

Solution ui- 18 km h™}--18 000 m/60 x 
60s = Sms), ur=72 km h™! = 72 000 m/60 
x 60s = 20 ms, and t=15s. Hence, 

a = (us — ui)/t = (20 -— 5)m s~™!/15s 
lms? 
We thus know u: us, t and a, and we have to 
determine s. 
The second equation of motion involves us, 
a, t and s. 
Using it, we have for t - 
s=uit+ 4 at? 
=§ ms! x 20s4}Xx1 ms? x (20s)? 
==300 m. 
Answer The car will move 300 m in 20 s. 


20 s, 


Exampce 3.10 An electric train moving at 
an uniform speed of 36 km h™? is accelerated at 
arate of | ms for 10s. Find (i) its speed 
after 10 s and (i?) the distance it travels in 10 s. 


a 
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Solution (i) u=36 000 m/60 x 60s - 10 

msl; a=1 m s~™?; and f=10s, 
Since these three quantities occur in the first 
equation of motion, we have 
uy=uctat=10 ms!+1 ms*x 10s 
= 20ms1. 

(i) usand t also occur in the second equa- 
tion of motion. From this we can calculate s 
as follows, 

s=uit+} at?=10 ms} x 10s+} x 1m 
s72 (10 s)}*=150 m 

Answer The speed of the train after 10 s 
will be 20 m s™! (72 km h™?). It will cover a 
distance of 150 m in 10s. 


EXAMPLE 3.11 Suppose that the brakes of a 
car, when fully applied, can produce a cons- 
tant retardation of 15 m s72. The speed limit 
of a particular road is 48 km h™!. On the sig- 
nal of a policeman the car stops within 7.5 m. 
Should the car driver be prosecuted for violat- 
ing the speed limit? : 

Solution According to the question we are 
required to calculate the initial velocity of the 
car. We are given that uj=0, a=—15 ms“, 
and s=7.5 m. 
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These three quantities occur in the third equa- 
tion of motion, which gives us : 

u2=ure+ 2 as or u? =u; —2 as, or 

ui2— (0)2—2x(—15 ms?) X7.5 m, or 

ui=15 m s-1=(15/1000) km x (60X 60s) 

h-l=54 km hol. 
Answer Since the initial velocity of the 

car is greater than 48 km h™1, the driver should 
be prosecuted for violating the speed limit. 


EXAMPLE 3.12 A ball is thrown vertically up- 
ward and it attains a height of 4.9m. Find 
its initial speed, given that g=9.8 m s™?. 
Solution When a body is thrown vertically 
upward, its speed will be zero at the top of its 
flight. As the body moves upward, it is sub- 
jected to a retardation of magnitude g due to 
the earth's gravitation. Hence, us=0, s=4.9 
m, and a=—9.8 ms. 
From the third equation of motion, 
u2=u2+2 as, or, since us=0. 
m2z——2 as=—2 x (—9.8 m s~?) x 4.9 m 
=9.8 m x 9.8 m s™?, or 
ui=9.8 m s~! 
Answer The ball was thrown vertically up- 
ward with an initial speed of 9.8 m s~! 


PROBLEMS 


3.1 A man starts walking from his home along a stra- 
ight road. He stops at his friend’s house which 
is 200 m due east. After a while he leaves his 
friend’s house. Determine whether he moves 
towards his own house or away from it if his final 
displacement from the house is (/) 100 m due east 
(ii) 400 m due east. 

3.2 An engine moves on a level track due north with 
a speed 40km h-1, Find out its displacement 
from its starting point after (i) 15 min (//) 2 hours. 

3.3 From a police station, a restaurant, a cinema and 
a house are situated 10 km due north, 20km due 
north and 10 km due south, respectively. A police- 
man on official work first visits the cinema hall, 
the house and then -the restaurant and finally 
returns to the police station. He takes 30 min, 25 
min 15 min and 20 min for each journey and 
stops at every place for 10 min each. Determine 


(i) his average speed, (ji) the total distance he 
covers, and (jji) his net displacement. 


3.4 A runner, beginning from the starting blocks, 
won the'100m sprint at the 1976 Olympics at 
Munich in 10.06 s. Calculate his average speed in 
(/)metres per second, and (ji) kilometres per hour. 

3.5 A scooter is driven at a speed of 40 km hot for 
18 min and then at a speed of 72km h-t for 
another 60 min. Determine its average speed for 
the whole journey. 

3.6 A boy walks northward for 10 min with a speed 
0.500 m s-1, and then runs in the same direction 
for the next 10 min with a speed 2.00m s“1, Deter- 
mine his (i) average speed and (ji) average velocity. 

3.7 A car travels a certain distance at a speed of 60 
km h-1, It then reverses its direction and moves 
to the starting point at a speed 40 km h-t, Deter- 


3.8 
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mine its (/) average speed and (jj) average 
velocity. 
Hint: Let x km be the certain distance. The 


total time of journey = (x/60+ 2/40) h and the 
total distance travelled = 2x km. 
A person sitting in a train notes the time at 
which his compartment passes telephone poles 
250 m apart. He obtains the following data: 
No.of Pole 0 1 2 3 45 6 7 8 
Time (s) 0 10 20 30 35 40 45 85 125 
Plot a graph between distance and time. Deter- 
mine the average speed during the periods (i) t = 
Osto t= 30s (ii) t = 30 s to 45s (iii) t=45s 
to 125 s, and (jv) t = 0s to 125 s, 
From the following distance time graph determine 
(i) when the speed is zero; (ji) the average speed 
from t = 0s to (a) 10s, (b) = 20s, and (c) 35 s; 
and (iji) the speed from 20s to 30s. 
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From the following velocity time graph, determine 
(/) the time interval during which the acceleration 
is zero; (ii) the acceleration from (a) t =0 s tot = 
6 s, (b) t = 6 s to t=8 s, and (c) t=14 s to t=16 s; 
and (iji) the change of velocity from (a) t = 8 s to 
t = 10s, and (b) t = 6s tot = 8s. 
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The velocity of an object varies with time as foll- 
ows: 

Time (s) 0 4 8 12 16 20 
Velocity (ms) 0 4 8 12 6 0 


Plot a time vs velocity graph. Calculate the acce- 
leration from (j) t = Osto 12sand (ji) t = 12s 
to 20s. Also find the velocity at (a) 6 s and (b) 
18s. 

The instruction manual of the Vijay Super scooter 
mentions that, starting from rest, it achieves a 
speed 60.0 km h-1in 12.75s. Assuming accelera- 
tion to be uniform, determine its magnitude and 
the distance covered by the scooter in 12.75 s. 

An aeroplane while taking off from the runway 
achieves a velocity of 300 km h-1in 20.0 s. If it is 
uniformly accelerated, determine (i) its accelera- 
tion, and (jj) the length of the runway. 

A cyclist travelling at a constant speed of 18 km 
h-1 applies brakes and stops in5s. What is the 
retardation, assuming it to be uniform? 

A car travelling at a constant speed of 2.50 m s-1 
is uniformly accelerated at arate of 0.500 m s-2. 
What will be its speed after 30.0s? How much 
distance will it move in 30.0 s? 

An aeroplane is uniformly accelerated at a rate of 
10ms-2, After 10s, its velocity is found to be 
200 m s-1. What is the initial velocity? How much 
distance has it travelled in 10s, and inthe 11th 
second ? 

The missiles and rockets used in war attain very 
high accelerations for short duration. Suppose 
the motors of a missile impart a uniform accele- 
ration of 1274 m s-2 (130 g). Starting from rest, 
how much distance will the missile travel in 5.00 s? 
What will be its speed after 5.00 s? 

An electron moving ata velocity of 5x 10¢ m s1 
enters an electric field and acquires an accelera- 
tion of 1015 ms-2 in the direction of the velocity, In 
how much time will the velocity of the electron be 
doubled? 

What is the initial speed of the train which stops 
in 10 s after the constant use of the brakes? The 
uniform retardation of the train is 2 m s-1, 


In a rifle, when the trigger is pressed, the gases 
produced by the detonator expand; as a consequ- 
ence, the bullet moves rapidly down the barrel of 
the rifle. Suppose the bullet takes2 x 10-3s in 
travelling along a 1 m long barrel. Assuming the 
acceleration to be uniform determine the accelera- 
tion and the velocity of the bullet when it leaves 
the barrel. 

A body is uniformly accelerated at a rate of 5m s-1. 
It travels 200 m in 4s. Calculate the initial velo- 
city of the body. 
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3.22 A person travelling in a carat a speed 10m s 


3.24 


applies brakes and produces a retardation of 0.50 
ms-1. Find the speed of the car after 16 s and 
also the distance travelled in 16 s. 

A stone dropped from a bridge hits the water of 
the river after 4.0 s. Find out the height of the 
bridge from the water level of the river. 


[Try to find the height of a building by this 
method 
A train moves at 54 km h-t. The driver obser- 
ves, from a distance of 1km, that the signal is 
red. He applies the brakes and achieves a uni- 
form retardation of 0.10 m s-2. Will he over- 
shoot the signal? Also find the time taken by 
the train to come to a stop. 
A ship is moving in still waters with a uniform 
speed of 4ms-1. Itis then accelerated at a rate 
of 0.5m s-2. What will its speed be after a dis- 
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tance of 48m? How much time will it take in 
covering this distance ? 


Two friends, Ramu and Vijay, observed that a 
car travelling at a constant velocity stopped after 
40m when the brakes were fully applied. They 
knew that this produces a constant retardation of 
5m s-2. On being asked what was the initial 
speed, Ramu said 15 ms-1 and Vijay 25 m st 
Who is correct ? 


A body is dropped to the ground from a height 
of 19.6m. Calculate its velocity when it reaches 
the earth and its time of flight. 


A scooter on a straight road passes a pole, and 
then passes another pole 50 m away. At the second 
pole its speed is 63 m hv, If the acceleration of 
the scooter is (i) 1.0 m s-2, (ii) — 1.0 ms-2, deter- 
mine the speed of the scooter at the first pole. 


4 The Measurement of Motion 


4.1 THE BASIC CONCEPTS 


According to Newtonian physics. the motion of any physical 
body can be measured in terms of the quantities called mass. 
force and momentum. 


D.4.1 Inertia The property of all material bodies due to which 
they naturally tend to continue in a state of rest or of uniform 
linear motion. 


SPECIFICATION The inertia possessed by a body is measured 
as its mass. 


D.4.2 Mass A measure of the quantity of inertia or matter 
possessed by a body. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION M 


SPECIFICATION Magnitude : Measured in kilograms (kg), 
specified for a give body as a fraction or multiple of the Inter- 
national Prototype Kilogram, maintained in Paris by using the 
formula 

Mass of a given body 

Mass of the International Prototype 
acceleration of the International Prototype 
acceleration of the body under identical conditions. 
or, m(kg)/1 (kg) =a i,(m s~®)/a(ms~2) 
or m (kg) = atypia kg (E.4.1) 


NOTES (i) If a body has large inertia, it .will resist a change 
in its state of rest or of uniform motion toa much greater ex- 
tent than will a body with a small inertia. 

(ii) A body with large inertia has a large mass: a body with 
a small inertia has a small mass: and vice-versa. 
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(iii) Under identical conditions, a body with a large mass 
will acquire a smaller acceleration than a body with a small 
mass. 

(iv) The mass of a body is a constant quantity; whether the 
body is on earth, in space, on moon, OF anywhere else, its mass 
does not change. 


D 4.3 Force Any action which alters or tends to alter the state 
of rest or of uniform linear motion of a body. 

EXAMPLES See Fig. 4.1 

TYPE OF QUANTITY Vector 

WRITTEN REPRESENTATION F 

SPECIFICATION Depends upon the type of force under consi- 
deration, Here we shall consider only inertial forces, which 
obey Newton’s second law of motion (see Section 4.2). 

(i) Magnitude: Given by a special mathematical relation for 
each type of force; measured in newton (N). 

(ii) Direction: Given by the special mathematical relation for 
each type of force. 


oO. Cee (b) 
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FIG. 4.1 Some examples of force. (a) When a man kicks a ball, his foot exerts a force on the ball causing 
Ít to move. (b) The bat of a cricketer while hitting a ball, applies a force on it and changes its direction 


of motion. (c) The hand of a man pulls a chair thereby applying a force on the 
ground. The ground exerts an upward force on the ball causing it to move u 


NOTE Forces, being vector quantities, are added according to 
the law of vector addition (see D.2.7). 

TYPE OF FORCES All the possible kind of forces which exist 
in nature can be divided into four categories. 

(a) Gravitational Force The force of attraction due to the 
property of mass (see Law 5). 

(b) Weak Force The -force which is responsible for the 
emission of the electrons from the nucleus of certain elements. 
It is a short range force and at short distance, about 1071? m, 
it is more powerful than the gravitational force. 


_ NOTE This force is responsible for the production of energy 
in the sun. 


(c) Electromagnetic Force The force which exists between two 
charged bodies. 


notes (i) You will learn more about this kind of force later. 
When charged bodies are at rest, this is simply the electrical 


chair. (d) A ball falls on the 
pward after rebound. 


FIG. 4.2 The linear momentum 
of a body is a vector quantity. Its 
magnitude is equal to the product 
of the mass and the speed of the 
body. Its direction is same as that 
of the velocity. i 


REVISION IN PHYSICS 


force. If both tne bodies are positively or negatively charged, 
then force between them is repulsive. If one body is positively 
charged and the other is negatively charged, then force between 
them is attractive. If the charge of one body is zero, then this 
force is zero. 

(ii) The various kind of forces which you encounter in 
mechanics, i.e. (I) the pusb and pull force exerted by hand on an 
object, (II) force in the string, (I) the forces in the human body, 
UV) force of friction between two surfaces in contact subjected 
to an external force (see Section 4.5) and (V) forces between two 
magnets etc. are all different manifestations of this force. 

(iii) In the hydrogen atom, the electromagnetic force between 
the proton and the electron is about 10°9 times more powerful 
than the gravitational force between them. 

(iv) 1f, between two particles, the weak and the electromag- 
netic force are both present, then clectromagnetic force is more 
powerful. 

(vy) This force ıs responsible for the formation of various 
atoms and molecules. 

(d) Strong Force A force which keeps protons in the nucieus 
of the atom despite their mutual repulsive electromagnetic force. 
It also exists between other kinds of particles. 

NOTES (i) It is the strongest force in nature. The magni- 
tude of the strong force between two protons in the nucleus is 
about 10!° times that of the electromagnetic force between them. 

(ii) It is an extremely short range force. If the distance be- 
tween two protons is more than 10714 m. then the strong force 
is almost zero. 


D.4.4 Linear Momentum (or, simply, Momentum) A measure 
of the linear motion possessed by a body. 
TYPE OF QUANTITY Vector 
WRITTEN REPRESENTATION p 
SPECIFICATION Obtained as the product of the mass of the 
body and its linear velocity : 
p=my (E.4.2) 
(i) Magnitude: The product of the mass of the body and the 
magnitude of the linear velocity : 
p=my 
Measured in kilogram-metre per second (kg m s7!) 
(ii) Direction : Same as that of the linear velocity of the body. 
NOTE If the momentum changes, its initial value is denoted 
by p: and final momentum by py. 


D.4.5 Impulse (Rate of Change of Linear Momentum) The 
change of linear momentum of an accelerated or decelerated 
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body per unit time. 
SPECIFICATION 


= y 
rate of change of momentum =v changes of- momentum 
time elapsed 


__ final momentum — initial momentum 
time elapsed 


on tl oe 
t 

_ Ye — M Vi 
o t 

m (Vs ~~ Yi) 
t 


zma (E.4.3) 
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4.2 THE THREE LAWS OF MOTION 


The motion of physical bodies obeys three basic laws which were 
first formulated by the English scientist Sir Issac Newton (1642- 
1727). 
Law 2: NewTon’s First Law (Law of inertia) 
Every body continues in its state of rest or of uniform linear 
motion unless an external force acts upon it. 

EXAMPLES See Fig. 4.3. 
Law 3:. Newton’s SECOND Law 
First Definition The rate of change of the linear momentum of a 
body is proportional to the magnitude of the external force 
applied to it, and the change occurs in the direction of the 
applied force. 


FIG. 4.3 A force is required to 


ra : . hi he state of motion. (a 
Second Definition The acceleration of a body ıs directly eae Sak abe isan 


proportional to the unbalanced force acting on nand is inver- 4 force on the cart, it will not 
sely proportional to its mass, The direction of the acceleration move. (b) The bullock bends its 
is the same as that of the force. leg and applies a force on the 
EXAMPLES See Fig. 4.4. cart. This force changes the state 
MATHEMATICAL EXPRESSION According to the statement of of motion, i.e. from rest to moving 
the second law, 


F a the rate of change of linear mom entum. 
By E.4.3, the rate of change of linear momentum is equal to 
m a. Hence, 


Fama 

or F= kma (E.4.4) 
where & is the constant of proportionality. By the definition of 
the unit of force (see D.4.6 below), k = 1. Therefore, mathe- FERN SELECTS 

matically, Newton's second law is stated as (iii) a=a,/2 
F=ma (E.4.5) FIG. 4.4 The acceleration of 
the body depends on its mass and 

D.4.6 Newton The SI unit of the magnitude of the force. onthe applied force 
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One newton is the force which imparts an acceleration of one 
metre per second per second to a mass of one kilogram. 
WRITTEN REPRESENTATION N 
SPECIFICATION By (E.4.4), F = kma. Thus, the magnitude 
of force required to give a mass of 1 kg an acceleration of | m 
s72 would be F = k. 1 kg. 1 ms“? 
FeS 
F= 1 kgms? 
This magnitude of force is specified as one newton : 
1 N = 1 kgm s~? 
NOTE The newton is defined so that k = 1. This simplifies 
all the system of units and calculations required in mechanics. 


Law 4: NEwTON’s THIRD LAw 
Whenever two bodies act upon each other, the action on each 
body is opposed by an equal reaction. 

EXAMPLES See Fig. 4.5. 
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FIG. 4.5 The forces of action and reaction are equal in magnitude but opposite to each other in direction. 
These two forces act on different objects 


FIG. 4.6 


4.3 THE EARTH'S GRAVITATION 


Gravitation is a phenomenon common to all physical bodies. 
Tt has many important effects on matter and on motion. 


D.4.7 Gravitation The phenomenon of attraction of one body 
by another body common to all physical bodies in the universe. 

EXAMPLE See Fig. 4.6 

Notes (i) ‘Gravitation’ and ‘gravity’ are two different con- 
cepts (see D.4.9 below). 

(ii) Bodies attract each other by means of gravitational force. 

(iii) The earth exerts a gravitational (attractive) force on 
every other body in the universe. 

(iv) Bodies which have a mass that is small compared to the 
mass of the earth and are near the surface of the earth, ‘fall 
down’ because of the gravitational attraction. 


Law 5: Newton’s LAW OF GRAVITATION 
The force of attraction between two bodies is (i) directly pro- 
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portional to the product of the masses of the bodies, and (ii) 
inversely proportional to the square of the relative distance of 
the two bodies. It always acts along the line joining the centres 
of mass of the two bodies. 

MATHEMATICAL EXPRESSION According to the definition, 

Fa Mı M2 
a lr? 
or F = G Mı M2 r? (E.4.6) 
where G is the constant of proportionality. 

Notes (i) Some of the consequences of this law are (a) our 
weight, (b) the motion of the moon around the earth and (c) the 
motion of the various planets (venus, earth, mars etc.) around 
the sun. 

(ii) Why the force should be attractive cannot be explained. 

(iii) This force is always present between two bodies although, 
in many situations, when two bodies are extremely small and the 
distances are very small this force is negligible in strength com- 
pared to other forces (the electromagnetic force, the strong force 
and the weak force). 


D.48 Universal Gravitational Constant The constant of pro- 
portionality in E.4.6. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION G 

SPECIFICATION Its value is 6.67 X 10°74 N m? kg™?, 

NOTE The value of G has so far been found to be the same 
in all parts of the universe. ; 


D.4.9 Gravity The gravitational force between the earth (or 
other planet or satellite) and a body near its surface. 

NoTES (i) This gravitational force (gravity) is measured as 
the weight of the body on that planet (the earth) (see D.4.11). 

(ii) The term ‘gravity’ must be used in a different sense from 
that of the term ‘gravitation’. Gravitation is a phenomenon 
which gives rise to a force of attraction between all bodies, 
Gravity is the measureable effect of the phenomenon of gravita- 
tion between a body and a planet. 


D.4.10 Gravitational Acceleration (Acceleration due to gravity) 
The acceleration experienced by a body near the earth’s surface 
due to the earth's gravitational force acting on the body. 


EXAMPLE See Fig. 3.7. The liquid drop falling vertically from 
a pipette is accelerated by the force exerted on it by the earth. 

TYPE OF QUANTITY Vector: but in practice always treated as 
scalar (see Specification below). 

WRITTEN REPRESENTATION 


47 


F 
G. M, 
T r m 

FIG. 4.7 Newton's Law of 
Gravitation: The gravitational 
force between two spherical bodies, 
such as the earth and moon, is 
proportional to the product of 
the mass of the two bodies and 
is inversely proportional to the 
square of the distance. between 
the centers of the bodies. 
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FIG. 4.8 Weight is a vector 
quantity. Its magnitude is the 
object's mass times the accelera- 
tion due to gravity. It is directed 
towards the centre of the earth. 
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SPECIFICATION (i) Magnitude : For any body near the earth's 
surface, the magnitude of g is almost constant: usuaily taken to 
be 9.8 m s72. 

(ii) Direction : The gravitational acceleration vector for any 
body near the earth's: surface is always directed towards the 
earth’s centre. Hence, the direction is ‘fixed’ and need not be 
considered in all calculations. 


D411 Weight The force by which the given body is attracted 
by the earth. 
EXAMPLE See Fig. 4.8. 
TYPE OF QUANTITY Vector: but in practice usually treated as 
a scalar (see Specification below). 
WRITTEN REPRESENTATION W 
SPECIFICATION (i) Magnitude: Given by the relation E.4.5, 
applied to gravitational force and gravitational acceleration : 
Gravitational force = mass of body x gravitational accelera- 
tion of body 
or W = mg (£.4.7) 
Measured in newton (N), or kilogram-weight (kg-wt) (see 
D.4.12 below). 
(ii) Direction: Always towards the centre of the earth: hence 
‘fixed’ and need not be considered in all calculations. 
LIMITATIONS OF THE CONCEPT (i) The above definition is also 
valid for any planet or celestial body other than the earth, e.g. 
Mars, Venus, the Moon, but the value of g is different in each 
case, e.g. g (Mars) = 3.92 ms: g (Venus) = 8.82 m s°2; g 
(moon) = 1.67 m s72, 


Distinction between mass and weight 


Mass Weight 


(i) isa measure of the quan- is a measure of the gravita- 


tity of matter or the inertiaofa tional force due to the earth 


body; (or a planet) acting on a body: 
(ii) is a scalar quantity; is a vector quantity; 

(iii) is measured in kilogram: is measured in kilogram- 
and weight (see D.4.12 below) or 


in newton: and 
(iv) is a constant throughout is a quantity whose magnitude 
the universe. varies with its position with 
respect to the centre of the 
earth (or planet). 


D.4.12 Kilogram-weight (or kilogram-force) Another unit of 
force 
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TYPE OF QUANTITY Practical umt. 

symsoL kg wt or kgf. 

SPECIFICATION i kg-wt = l kg X gm s2, we take g = 
9.8 m s2, hence ! kg-wt = I kg X 98m s, or I kg-wt 
= 9.8 N 

LIMITATION OF THE CONCEPT This unit and its value in new- 
ton are defined only for measurements on earth. Further, as g 
varies from place to place on earth, 1 kg-wt isnot a constant 
unit: its magnitude depends on the location of definition. 


4.4 CONSERVATION OF MOMENTUM 


Momentum is a fundamental measure of the quantities of 
motion which bodies possess. Tt is particularly important when 
a moving body interacts with other bodies (e.g. a moving body 
-collides with another moving or stationary body: a moving body 
breaks up into pieces). Whenever bodies undergo changes in 
their cuantities of motion (e.g. velocity and mass) they obey the 
following law. 


Law 6; THE LAW OF CONSERVATION OF LINEAR MOMENTUM 
In a system of bodies interacting with one another, the total 
linear momentum of the system in any given direction remains 
unaltered, unless an external force acts on the system in that 
direction. 

EXAMPLE See Fig. 4.9. 
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FIG. 4.9 Conservation of linear momentum. (4) A moving ball of mass m collides with a set of four 
identical stationary balls. After collision only the one on the extreme right starts moving. If two balls. 
collide from left, only two balls will leave the stationary stack. In general, if n balls hit the stack from left, 
n balls will move towards right. (b) A cannon of mass m, fires a shell of mass mz with a velocity Va in the 
forward direction. The cannon moves backward with a velocity va. (c) Two astronauts push each other in space 
with equal and opposite force F, and F,. The push sets them in motion. In all the three cases the final 
momenta is equal in magnitude but oppositely directed to the initial momenta, 


MATHEMATICAL EXPRESSION Two bodies. having masses mı 
and me, move towards each other with initial velocities vı and 
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= 
(a) Fr = W Os 
FIG. 4.10 The normal force 
Fy is the force perpendicular to 
the two surfaces in contact. (a) 
Fy is the weight of the block. (b) 
Fy is the component of W per- 
pendicular to AB. 
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Ye, respectively. After a head-on collision, they move away 
from each other with velocities V1 and V2 respectively. In this 
case, the law of conservation of linear momentum has the 
mathematical expression: 

Sum of linear momentum before collision = sum of linear 

momentum after collision: 

mı Yı + Me Vo = m Vi + me V2 (E.4.8) 

This is a vector equation. If all four velocities are directed 
along the same straight line, only the magnitudes with the 
correct signs need to be considered. 


4.5 FRICTION” 


In real life friction plays an important role. On the one hand, 
human beings can walk, wheels can roll on the ground and 
knives can be sharpened on a lathe only because of friction. Fur- 
thera car tyre has lot of grooves in it, which only increase the 
force of friction; if there are no grooves on the tyres, the car 
will overturn on bends and cannot be stopped easily on wet 
roads, On the other hand, in every machine, a lot of energy is 
wasted in overcoming the force of friction, and, therefore, means 
have to be found to minimize the wastage. A drop of oil be- 
tween two solid surfaces considerably reduces the force of fric- 
tion between them. 


D.4.13 Normal Force The force perpendicular to two surfaces 
in contact. 

TYPE OF QUANTITY Vector 

WRITTEN REPRESENTATION Fw, Fn 

SPECIFICATION (i) Magnitude : Equal to the magnitude of the 
components of the force perpendicular to the two surfaces in 
contact. Measured in newton (N). 

(ii) Direction: Always perpendicular to the surfaces which are 
in contact. — 


D.4.14 Force of Friction (or, simply, Friction) A force which 
opposes the relative motion between two surfaces in contact. 

NOTE Two bodies or two surfaces are said to be in relative 
motion when the position of one is constantly changing with res- 
pect to the position of the other. 


D.4.15 Force of External Friction (or, Force of solid Friction, - 


or, simply, Force cf Friction) The force which opposes the 
relative motion of the surface of one solid body over the surface 
of another solid body in contact. 

TYPES OF FORCE OF FRICTION See Table'4.2 
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REVISION IN PHYSICS 


(b) WITT II 7/0077 


FIG. 4.11 (a) The static force of friction is perpendicular to Fy and acts at the point of contact of .wo 
Surfaces (i) equal in magnitude to the magnitude of the applied force but oppositely directed, (ii), 
(iii) equal in magnitude to magnitude of the component of F perpendicular to Fy but oppositely directed. 


(6) The sliding force of friction is 


perpendicular to Fy but is directed to oppose the motion of the block. 


(c) The force of rolling friction arises because the wheel and the surface over which the wheel rolls gets 
deformed. As a result the wheel is rolling uphill all the time. 


FIG. 4.12 The static force of 
friction arises because two 
surfaces become interlocked at the 
irregularities due to the electrical 
forces.» The force is required to 
break this interlocking. 


Effective force 
Sen ae 


Fy, 


FIG. 4.13 Ifaforce F applied 
on the block moves it, the net 
force which produces acceleration 
is F — Fk: 


notes (i) Every force of friction is directly proportional to 
the normal force. 

(ii) The magnitude of each force of friction is measured in 
newton (N). 

(iii) The attractive electric forces between the molecules of 
the two surfaces in contact become strong when the surfaces are 
not smooth. Hence, there is greater friction between two rough 
surfaces than between two smooth surfaces. 

(iv) The force of friction is independent of the area of the 
two surfaces in contact. 

(v) When no external force acts on the body, F,=0 

(vi) If the applied force F parallel to the displacement is 
greater than Fx, then the effective force which should be used in 
E.4.5 is F —Fr. If F=Fx, then a=0, or the body moves 
along a straight line at constant speed. (Uniform motion, see 


9Units D.3.8.) 


(vii) For small speeds, Fi: is independent of the speed of the 
sliding body. 

(viii) The graph between the force of friction and the applied 
force is shown in Fig. 4.14. 


D.4.16 Coefficient of Friction A measure of the force of fric- 
tion. See Table 4.2 and 4.3. 


Table 4.2 The three kinds of coefficients of friction 


ESEE a Se OA | 
Coefficient of Type of — Written rep- Specifi- Relationship 


quantity resentation cation with other 
(no unit) coefficients 


Static friction Scalar ls Fil Fn 


Sliding friction Scalar uk Fx] Fn Uk <he 
Rolling friction Scalar [br F;| Fn r<pr<ps 
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Table 4.3 Values of coetticient of friction for various materials 


e ee men —— 
Material tbe tr ur 
Rubber tyre on dry concrete 1.0 0.7 0.04 
Rubber tyre on wet concrete 0.7 0.5 

Wood on wood, dry 0.5 0.3 

Wood on wood, soapy 0.2 

Wood on steel 0.5 0.25 

Wood on leather, dry 0.56 

Wood on leather, oily 0.15 

Metal on metal 0.15 0.09 

Stee] wheel on steel rail 0.0045 
Steel ball on steel surface 0.0025 


D.4.17 Force of Internal Friction The force which opposes the 
moticn of a solid body in a fluid or the relative motion of two 
Jayers of a fiuid. 

notes (i) The term fluid is the name for liquid and gases 
taken together. 
(ii) This force depends on the (a) area of the surfaces in con- 
tact and (b) speed of the solid body or layers of the fluid. 


D.4.18 Smooth Surface A surface for which y: = uk = ur = 
0, i.e. no force of friction exists between two surfaces. 

NOTE In practice no surface is smooth. However, in order 
to understand the concepts of mechanics, we usually assume 
all surfaces to be smooth. 

Ice surface and an oily surface are closest to the concept 
of a smooth surface. 


D.4.19 Rough Surface A surface for which ne coefficient of 
friction is zero, i.e. force cf friction is always present. 


SOLVED EXAMPLES 


EXAMPLE 4.1 Calculate the momentum of (i) a 
car of mass 1000 kg, travelling at a constant 
velocity of 54 km h™! due east; (ii) an aircraft 
of mass 14 x 104 kg moving at a velocity 720 
km h~! due north; and (iii) an electron of mass 
9 x 10-31 kg moving at a velocity 10 x 107 ms"! 
along the positive x-axis. 


Hence, 


Applied force 


Force of friction 


FIG. 4.14 The variation of the 
force of friction. The force of 
friction increases as the applied 
force increases. It attains a 
maximum value =F, the limiting 
force of friction. Upto this point, 
the block remains at rest and the 
static force of friction is equal in 
magnitude to the applied force. As 
the applied force increases further, 
the force of friction decreases 
slightly and the block starts slid- 
ing. No further change is noticed 
in the force of sliding friction as 
the applied force increases. 


FIG. 4.15 Internal friction: 
This kind of force of friction 
arises when a solid moves through 
a fluid. This force opposes the 
motion of the solid. 


Solution p = momentum = mass X velo- 
city = my: direction same as that of velocity. 

(i) For the car: m = 1000 kg, and v = 
54.000 mh7! (60 x 60sh™) = isms}. 


p = 1000 kg x 15 m s7! 
p = 15x 10 kgm s71 ; direction due east. 
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(ii) For the aircraft: m = 14x 104 kg, 


and v = 720 000 m h™!/36C0 s h! = 200ms™!. 


Hence, 
= 14 x 104 kg x 200 m s“! 

P = 28 x 106 kg ms“! : direction due north 

(iii) For the electron: m = 9 x 1073! kg, 
and v = 10 x 107 ms”). Hence, 

Pp =9x 101 kg x 10x 107m s7 

P =9x 10°33 kgms“! : direction along 
the positive .v-axis. 

Answer The momentum of (i) the car is 
15 x 103 kg m s™! due east, (ii) the aircraft is 
28 x 10 kg m s™! due north, and (iii) the elec- 
tron is9x 10723 kg ms! along the positive 
X-axis. 


EXAMPLE 4.2 A body of mass 10 kg moves 
with a velocity of 20m s™1 due east. Its velo- 
city after some time becomes (i) 40 m s~1 due 
east, and (ii) 40 m s~! due west. Determine 
the change of momentum in each case, assum- 
ing that the change is instantaneous, 
Solution The change of momentum = Pr 
— Pand m = 10 kg. : 
(i) 1 = 20 ms"! due east, vf = 40 ms"! 
due east. 
Pf = m vs = 10 kg x 40 m s™! due east. 
= 400 kg m s™! due east 
Pi= my, = 10kgx20ms"! due east 
== 200 kg m s™! due east 
Hence, the change of momentum = Pr—p, 
=(400 kg m s1—200 kg m s~!) due east 
=200 kg ms“! due east. 
(ii) v; = 20 m s71 due east, vf = 40-m s™! due 
west, a 
Pi = 200 kg m s~! due east 
=p: = 200 kg m s™! due west 
ps = mvs = 10 kg x 40 m s™! due west 
= 400 kg m s7! due west. 
Hence, the change of momentum 
= pf— pi 
=pr F (=p) 
= (400 kg m s™1+200 kg m 71): direction 
due west 
= 600 kg m s™!: direction due west: 
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Answer The change of momentum in the 
first case is 200 kg ms“! due east, and in the 
second case it is 600 kg m s~! due west. 


EXAMPLE 4.3 Express (i) 40,0 N in kg-wt, and 
(ii) 5.0 kg-wt in newtons. 


Solution (i) 9.80 N = 1 kg-wt. Hence, 


40.0 N= SEN bear =4.08 kg-wt. 
(ii) 1 kg-wt = 9.8 N. Hence, 
5.0 kg-wt = 9.8 N kg-wt"! x 5.0 kg-wt 
= 49N 


Answer 40N is equal to 4,08 kg-wt and 
5 kg-wt is equal to 49 N, 


EXAMPLE 4.4 What will be the acceleration 
produced if a force of 4.0 kg-wt, 45° west of 
north, acts on a body of mass 5.0 kg? 

Solution F = 4 kg-wt x 9.8 N kg-wtl = 
39.2 N, and m = 5.0 kg. 
From the second law of motion, 


F=ma, or 
a =F __392N _ 39.2kg ms? 
m 5S.O0kg ~ 5.0 kg 
= 7.8 m s72. 


The direction of the acceleration is the same 
as that of the force. 


Answer The applied force will produce an 
acceleration 7.8 m s71 45° west of north. 


EXAMPLE 4.5 A scooter of mass 160 kg, 
Starting from rest and moving in a straight line 
acquires a speed of 12.25 m s~! in 5.0 s. What 
is the average force, expressed in kg-wt, deve- 
loped by the engine of the vehicle? 


Solution First Method ui = O, u; = 12.25 
m s™!, m = 160 kg; ands = 5 s. 
a =U te 12.25 ms 
t Ss 
= 2.45 m s~? 
From the second law of motion 
F = ma = 160 kg x 2.45m s~? 
= 392 N. 
Now 9.8 N = 1 kg-wt. Hence, 
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392 N = 98 a heer =40 kg:wt, 

Second Method Another form of the 
second law of motion is F = the rate of change 
of momentum = pe 5 
‘In this problem, p; = the final momentum = 
160 kg x 12.25 m s71 = 1960 kg m s71, pi =the 
initial momentum = 160 kg x 0 ms"! = 0 kg 
m s~!, Hence, the change of momentum 

= 1960 kg m s™1—0 kg m s™? 

= 1960 kgms"}. 

Therefore, 

F = 100k mS” _ 392kgms? 

= 392 N = 40 kg-wt. 

Answer The engine applies a force of 392 N 
or 40 kg-wt in the direction of motion. 

Note Remember that for linear motion, 
the speed is nothing but the magnitude of the 
velocity. In the entire set of solved examples 
and problems, we will discuss only motion in a 
straight line. 


EXAMPLE 4.6 A car of mass 1500 kg is run- 
ning at a constant speed of 72 km hl, When 
its engine is switched off, the car stops after 20 
m. Find (i) the resistive force acting on the car, 
and (ii) the time taken by the car to stop. 

; __ 72000 mh? _ 5 E 

Solution ui = 600 ch e E 20 ms}, us 

0 ms7!, m=1500 kg, and s=20 m. The accele- 
ration can be calculated from the third equa- 


tion of motion us? = u? + 2as. From this 
equation, we have 
7 Seay ie eR (20 m s7!)2 
DE: 2x 20m 
HINA 
ie 20 x20 mt E A Fee 
(i) From the second law of motion, 
F — ma = —1500 kg x 10 m s™! 
= — 15 000 N. 


The negative sign indicates that the resistive 
force is in the direction opposite to that in 
which the car was moving. 
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(ii) From the first equation of motion. 


ur = ui + at, or, since us = 0, t =—u/a 
Hence, 
1 
ies 20m s S 
10 m s~! 


Here, 7 is the time required for the car to come 
to a stop. 

Answer (i) The resistive force is 15 000 N 
in the direction opposite to that in which the 
car was moving. (ii) The car will stop after 2s. 

Suggestion Solve this problem by the 
alternative method. 


EXAMPLE 4.7 What force must be applied on 
a motorcycle of mass 100 kg so that, starting 
from rest, it covers a distance of 1000 m in 
60.0s? 
Solution u: = 0, t = 60s, and s = 1000 
m. From the second equation of motion 
s= ui + hal’, or 
2s  2x1000m_ Sms? 
Choma Oa gan O 
F = ma = 100 kg x 5/9 ms? = 55.6 N 
Answer A force of 55.6 N should be app- 
lied on the car, in the same direction in which 
the car has to move. 


EXAMPLE 4.8 Calculate the weight of a man 
of mass 60.0 kg (i) on the earth (g=9.80m s?) 
(ii) on the moon (g = 1.70 m $72), and (iii) in 
a space vehicle in inter-planetary space (g=0). 
Solution W = weight = mg, where m = 
mass of the body, and g = acceleration due to 
gravity. 
(i) On the earth ; 
W = 60 kg x 9.8 m s2 = 588 N 
(ii) On the moon 
W = 60 kg x 1.7ms% = 102 N 
(iii) In the space vehicle 
W = 60kgx0 ms? =0N 
Answer The weight of the man on the 
earth, the moon and in the space vehicle will 
be 588 N, 102 N and 0 N, respectively. 


EXxampce 4.9 A gun fires a shell of 2 kg with 
a muzzle speed of 100 ms. What will be 
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the initial speed of recoil, if the mass of the gun 
is 100 kg? 
Solution According to the law of conserva- 
tion of momentum: 
The momentum of the gun on recoil = the 
momentum of the shell in the muzzle. 
The momentum of the gun=100 kg x u, where 
u is the initial speed of recoil of the gun. 
The momentum of the shell - 2kg x 100m s! 
= 200 kg m s“i, 
Therefore, 
100 u kg = 200 kg ms}, or 
u=2ms1, 
The direction of the recoil will be opposite to 
that in which the shell travels. 
Answer The gun will move with an initial 
speed of 2 ms"! in a direction opposite to that 
in which the shell moves. 


ExamPLet 4,10 A railway wagon. travelling 
due north at a speed of 10 m s"!, collides with 
an identical wagon at rest. Both the wagons 
move together after the collision. Calculate 
the final speed of the wagons. 

Solution Let us label the initially moving 
wagon as | and the initially stationary wagon 
as 2. Let m be the mass of each wagon. We 
know that the initial speeds of the two wagons 
are: wi == 10 m s™!, ug = Oms! 

p: = the initial momentum of both wagons 
= pyu + pot = Mun + Mugi 
=mxl0ms!+mx0ms! 
= 10mms? 

pr = the final momentum of both wagons 
=(m + m) us, 

where uy is the speed of the two wagons 
moving together after the collision. From the 
law of conservation of momentum, 

Pr = pi, or 

2 mus = 10 m m s“}, whereby 

us = 5 m s}, 

Answer The two wagons will move toge- 

ther with a speed of 5 m s™ due north. 


EXAMPLE 4.11 A football player kicks a ball 
of mass 1.2 kg straight towards the goal-keeper 
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with a speed of 10.0 ms !. The goal-keeper 
returns the ball directly + back towards the 
player with a speed of 5.0m s7!, If the ball 
remains in touch with the goal-keeper for 0. 20s 
calculate the force exerted by the goal-keeper 
on the ball. 


FIG. 4.16 Caiculation of force exerted by the goal- 
keeper on the bat 


Solution Let us assume that the direction 
AB in Fig. 4.16 is positive: then the direcuon 
BA is negative. We know that: w - 10 m s™!, 
WG eM Sa the ake, f=" 0.2 s, 
where z is the period of contact between the 
ball and the goal-keeper. 
Let pi = the initial momentum = mui=1.2 
kg x 10ms! = 12kgms! 
py = the final momentum = — 1,2 kg x 5 
m s`! = — 6 kg ms} 
Hence, the change of momentum 
= (—6 kg ms7)—I2 kg m s“! 
= — l8 kgm s^. 
From the second law of motion, 
F = the change of momentum _ _18 kg ms“! 


time taken for change 0.2 s 
=— 90N 
Answer The goal-keeper exerts a force of 


90 N towards the player. 


EXAMPLE 4.12 A sphere of mass 7.00 kg is 
-suspended from one end of a massless string, 
the other end of which is fixed to a rigid sup- 
port. Find the forces acting at point A and 
point B (Fig. 4.17), given that g = 9.80 ms“. 
Solution (i) At the point A: The weight of 
the sphere acts vertically downward. 
The downward force = mg = 7.00 kg x 9.8 m 
s1 = 68.6 N 
This downward force is the action which pro- 
duces an equal and opposite reaction in the 
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R 
Ty B 
T 
A 
Ww 


FIG. 4.17 An application of Newton’s third law of 
motion 


string (by Newton's third law). The reaction 
is in the form of tension acting upward at 
point A. Hence, 

the tension T -- — the downward force, or 

T = — 68.5 N 

(ii) At point B: The reaction T at point A 
itself produces an equal and opposite reaction 
(reaction + reaction = action) at point B. 
Hence, at point B there is a downward action 
T. This, in its turn, produces an equal and 
opposite reaction R, which acts upward in the 
rigid support. Hence, at point B, 

T = 68.8 Nand R = — T. or 

R = — 68.8 N 

Answer (i) At point A, there isa down- 
ward force of magnitude 68.8 N and an up- 
ward reaction of magnitude 68.8 N. (ii) At 
point B also, there is a downward action of 
magnitude 68.8 N andan upward reaction of 
magnitude 68.8 N. 

Note (a) At point A, the downward action 
is on the sphere and upward reaction (tension) 
is produced in the string; (b) At point B, the 
downward action acts in the string and the up- 
ward reaction acts on the rigid support. 


EXAMPLE 4.13 A boy of mass 50.0 kg stands 
on the ground (#) on both feet, and (ii) on one 
foot. Determine the force acting on his feet in 
either case, given that g = 9.80 m sh 

Solution The weight of the boy = 50.0 kg 
x 9.80 ms? = 490 N. 


Lr és 


f 


— 
pes 


; FIG. 4.18 


The action the weight of the body acting 
vertically downward = 490 N. 

The reaction = the force exerted by the 
ground on the feet vertically upward. 

From third law of motion 

reaction = ~ action. 

(i) Boy standing on both feet Since both 
the feet rest on the ground, there is an equal 
upward force of reaction acting on each foot. 
Hence. ? 

the force on one foot = R. and 

the total upward force — 2R. 

Hence. 

2R=490 N, or R = 245 N. 

(ii) Boy standing on one foot There is only 
one upward force or, 

R = 490 N. 

Answer The force on one leg in the first 
case is 245 N and in second case 490 N acting 
vertically upward. 


Exampce 4.14 A metal box of mass 4 kg is 
placed on a horizontal floor, with a block of 
wood of mass 1 kg resting on top of it. A 
horizontal force of 19.6° N, applied on the 
metal box, is necessary to make the box 
just slide. Determine (i) the normal force, (ii) 
the force of limiting friction and (ii) the co- 
efficient of static friction. (iv) What will be the 
force of friction if the applied force is 3.0 N ? 


Solution The total mass resting on the 
horizontal floor is 4 kg + 1 kg = 5 kg. 

(i) W = 5 kg x 9.8 m s1=49.0 N. Hence, 
the normal force = Fn = W = 49.0 N. 

(ii) By definition, the force of limiting fric- 
tion, Fi, is equal in magnitude to the applied 
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FIG. 4.19 


force whicn causes the box to slide. Hence, 
Fi = 19.6 N. 


(iv) The applied force, of magnitude 3 N 
is less than the force of limiting friction. The 
force of static friction can have any value upto 
Fi, but is equal to the applied force. Hence, 
F, = 3.0 N. 

Answer The normal force, the force of 
limiting friction and the coefficient of static 
friction, respectively, are 49 N, 19.6N and 0.40. 
The force of static friction is 3.0 N. 


Examp_e 4.15 A log of wood, of weight 400 
N, is pulled by a horse ona rough horizontal 
road, The horse exerts a horizontal force of 
240 N due east. (i) If the log moves ata 
constant velocity, determine the coefficient of 
sliding friction between the log of wood and 
the road. (ii) After some time, the magnitude 
of the horizontal force is increased to 300 N. 
Determine the net effective force which will 
produce the acceleration. 


Solution W = 400 N, Fa = 400 N. 

(i) At the beginning, since the log moves with 
a constant velocity, its acceleration is zero. In 
other words, the net horizontal force acting on 
the log is zero. 
Hence, 

Fy == the force exerted by the horse 

= 240 N. 

The direction of Fx is opposite to that of the 
applied force, or 
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Fx = 240 N due west. 


During the motion, Fx remains constant. 

{ii) Later, the effective force which acce- 
erates the log is the resultant of two forces: 
the applied force and the force of sliding fric- 
tion. 

The effective force = 300 N due east + 240 N 
due west 
= 300 N due east — 240 N 
due east 
= 60 N due east. 

Answer The coefficient of sliding friction 
between the log of wood and the road is 0.6, 
and the effective force which accelerates the log 
is 60 N due east. 


ExamPLe 4.16 A metal block is placed on a 

horizontal plank, which is then slowly raised. 

When the angle of inclination of the plank in- 

creases beyond a certain value, the metal block 
starts sliding down the plank. If the coefficient 

of static friction between the metal block and 

the plank is !/+/3,determine the maximum angle 

of inclination for which the block will remain at 

Test. 


B 
Fi 
BRASS 
R 
7 
AAG, | A 
R mgcosôy 
W= mg mg 


FIG. 4.20 Calculation of the coefficient of static 

friction 

Solution In Fig. 4.20, AB is the wooden 
plank and AC is the horizontal direction, Let 
6, be the maximum possible angle of inclina- 
tion at which the metalblock will remain at 
rest. In this position, the weight of the block. 
W = mg, acts vertically downward. The normal 
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reaction to the surface, Fn is mg cos 6, (the 
component of W perpendicular to AB). The 
block slides down the plank AB, because there 
is a force mg sin 87 (the component of W along 
AB acting in the direction —AB). Since the 
motion will be in this direction, the frictional 
force must act along AB. As the block is about 
to slide, the force of friction acting on it is the 
limiting one. 

Fi, = us Fa = ts mg cos Oy, 
Since the block is stationary, 

the force along AB = the force along—AB 

Fi, = mg sin bz, or 
us mg cos Oy = mg sin by, or 
us = tan Oy. 

If 6>6,, the force along — AB becomes greater 
than the force along AB and the block will 
slide down the plank. Given that us=1/4/3, 
tan 6, =1/4/3 whereby 0, = 30°. 

Answer The angle of inclination of the 
plank, at which the metal block just begins 
Sliding is 30°. 


EXAMPLE 4.17 In the hydrogen atom, an 
electron of mass 9.11 x 10731 kg is at a distance 
of about 5.30 x 10710 m from a proton of 


59 
mass 1.67 x 10-27 kg. Calculate the gravita- 
tional force between the electron and the 


proton. 


(5.30 x 10710 m; 
FIG. 4.21 An electron revolving round à proton 


Solution My = 9.11 x 10731 kg, Mg =1.67 
x 10°27 kg and r = 5.3 x 10710 m. 


= 6.67 x 10°11 N m2 kg? x 9.1] x 10 31 
kg x 1.67 x 1027 k 
(5.30 x 10710 m)? 
_ 6.67 x 9.11 x 1.67 
5.30 x 5.30 
= 3.61 x 10°49 N. 
Answer The gravitational force between 
the proton and the electron in a hydrogen atom 
is 3.61 x 10-4 N. 


x 10749 N 


PROBLEMS 


4.1 Find the momentum of a cycle rider of mass 
150 kg moving at 6 m s-1 due east. 

4.2 The momentum of a particle moving at a speed of 
45 km h^ is 100 kg m s1. What is the mass of the 
particle ? 

4.3 Calculate the velocity of a projectile of mass 10 kg 
having a momentum of 500 kg m s~ due north. 

4.4 The momentum of train changes to 5x 106 kg ms7 
from 2.6 x 106 kgm s-1 in 2 minutes. Determine 
the force exerted by the engine during this time, 
assuming that it is constant. 

4.5 In how much time will a force of 1000 N change 
the momentum of a hockey ball by 2.5 kg m s-1? 

4.6 What force is required to give a car of mass 1225 
kg an acceleration of 2 m s4 ? 


4.7 The force-time graph for a body of mass 5 kg at 
rest at t = Qis as shown below. Determine the 


FIG. 4.22 Force Time Graph 


acceleration in the (/) first 2 s, Ui) between 2s and 
4 s, (iii) between 4 s and 6 s. 
4.8 A cricket ball of mass 150g (exact mass 155.8 


g) is hit by a batsman with a force 3000 N. 
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4.10 


4.11 


4.12 


413 


4.14 


4.15 


4.21 


4,22 


4.23 


Determine the acceleration of the ball. 

A rocket of mass 1000 kg is fired vertically up- 
ward. The engines of the rocket exert a force of 
10 000 N for 60s, Determine (/) acceleration, (//) 
speed of the rocket at the end of 60 s and (jji) rate 
of change of momentum. 

What force must be applied on a car of mass 1200 
kg so that its speed changes from 10 m s+ to 2.5 
m s-! in 30 s? Assume that the car was intitially 
moving due north, 

A force of magnitude 10 N produces an accelera- 
tion of 2m s4. Determine the mass of the body. 
A hammer of mass 0.4 kg falls vertically on a nail 
head and comes to rest in 0.02 s without rebound. 
Let the volocity of the hammer when it hits the 
nail head be 6m s-t. Find (/) change in the mo- 
mentum, (jj) deceleration and (iii) the force exerted 
by the ground: on the nail head. 

A bullet of mass 10 g is stopped by a wooden 
block in 0.6 s. The wooden block resists the bull- 
et with a force of magnitude 8N. What is the 
speed of the bullet when it hits ‘the block ? 

A force of 1000 N is applied on a body of mass 40 
kg. If the velocity of the body changes from 0 to 
405 km h4, find out the duration of the applica- 
tion of the force. 

A bullet of mass 0.005 kg, travelling at a speed of 
40 m st, penetrates 0.2 m of wood. What is the 
resistive torce offered by the wood, if the retar- 
dation is uniform ? 

Find the speed of a toy car of mass 100 g, 5 s 
after the start, given that the car is subjected to 
an external force of magnitude (j) 10 N (ji) 0 N. 
Convert (i) 490 N, and (ji) 1225 N into kg-wt, and 
(iii) 6 kg-wt, and (iv) 13 kg-wt into newtons. 

The weight of a steel plate is 10N. With what 
force is it attracted by the earth ? 

The earth attracts a body with a force of 98 N. 
Determine the mass of the body. 

Calculate the weight of a man of mass 50 kg (i) on 
the Sun where g = 274 m s2 and (ii) on Jupiter 
where g = 26.5 m s2. (Compare these results 
with those of Example 3.8.) 

A book of mass 4 kg is placed on (i) a horizontal 
wooden table, and (//) on a plane inclined at 60° to 
the horizontal plane. Find the reaction of the table 
and inclined plane acting on the block. 

Inthe game of tug-of-war, one team pulls the 
rope with a force 200 N. What is the force felt by 
the other group if there in no movement ? 

A canon fires a shell of mass 50 kg. Find the 
muzzle velocity of the shell if the recoil velocity of 
the canon is 4m st; You are given that the mass 
of the canon is 8000 kg. 
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A radioactive nucleus emits an electron of mass 
9 x 1031 kg with a speed 20 x 10? ms. Find the 
recoil speed of the nucleus, given that the mass of 
the nucleus is 30 x 1076 kg- 

Calculate the total momentum of the following 
two bodies. (i) Body A has a velocity of 48 km s7 
duc cast and body B has a velocity of 36 km s-! 
due cast; and (i) the velocity of body A is 18 
km s4 duz north and the velocity of body Bis 24 
km s^ due south. The mass of body Ais 5 kg and 
that of body B 6 kg 

A railway bogie of mass 3000 kg moviny al 20 
m s~ collides with a stationary émpty \.gon of 
mass 2000 kg. Calculate the speed of the empty 
wagon if (j) the bogie comes to rest afier the col- 
lision, and (jj) the bogie moves in the original 
direction with a speed of 2 m s+. 

In 1972, the United States of America placed a 
space laboratory, popularly known as Skylab, 
into orbit around the earth for conducting scientific 
experiments. lt would have remained in orbit for 
a long time but for a string of mishaps, which 
caused it to crash down on earth on 13 July, 1979. 
Some of its pieces fell in Australia, while rest of 
the debris fell into Indian Ocean. One of the 
largest pieces found on land hada mass of about 
1 ton (1000 kg), which hit the earth with an esti- 
mated speed of 450 km hd. If this piece came to 
rest immediately after impact, determine the recoil 
velocity of the earth (of mass 6 x 1024 kg). 

The first long distance superfast train of India, the 
Rajdhani Express, was introduced on 1 March 
1969 between New Delhi and Calcutta. It had nine 
bogies, cach of mass 20 ton (20000 kg) and an en- 
gine of mass 20 ton. According to the specifica- 
tions, starting from rest it achieved its maximum 
speed 129.6 km hot (actually 130 km h4) in 140 s. 
Let us assume that during this period the accele- 
ration is uniform. Calculate (j) the uniform accele- 
ration of the train; (i/) the distance travelled by 
the train in 140 s; and (iii) the average force exer- 
ted by the engine. 

A block of mass 1 kg is pulled by a boy who -ex- 
erts a force of 4.9 N. If the block is moving at a 
constant speed, determine the coefficient of friction 
between the block and the rough surface. 

The coefficient of static and sliding friction for a 
box of mass 10 kg on a horizontal road are 0.80 
and 0.60 respectively. Determine the magnitude of 
the force required to (i) start the box moving and 
(ii) to keep it moving at a steady speed. 

A horizontal force of 30 N is applied on a chair of 
weight 100 N resting ona rough surface. ci) If 
the chair does not move, what is the force of fric- 
tion? (ii) The chair just starts sliding when the 
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applied force is increased 10 45.N. What is Hg? 
(iD) The chair continues to move at a constant 
speed if the force is reduced to 40 N. Determine#* 
A box of mass 10 kg is pulled over a surface by a 
horizontal force of 100 N. Find the acceleration of 
the box if (/) the surface is smooth, and (//) the co- 
efficient of sliding friction between the road and 
the surface is 0.2. 

A wooden crate of mass 20 kg rests on a horizon- 
tal road. What is the minimum force required to 
move the crate horizontally? The coefficient of 
static friction betw -on two surfaces is 0.45. 


Three blocks of mass $ kg. 3 kg and 1 kg are 
placed on a table. one on top of the other, such 
that the 3 kg block is on top of the $ kg block. 
What is the force of limiting friction (/) between 
the table and 5 kg block: (jj) between the surfaces 
of the 5 kg and the 3 kg blocks; and (i//) between 
the surfaces of the 3 kg and the | kg blocks? 
Given that, for any two surfaces, #s is 0.3. 


A horse of mass 7500 N is able to exert a hori- 
zontal force of 6000 N on a level road. Determine 
the coefficient of static friction between the horse's 
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hooves and the road. 

A book of mass 2kg is placed on a table. A 
horizontal force of $ N is applied on the book. 
Will the book move if the coefficient of static 
friction between its surface and that of the 
wooden table is 0.6? 

If the force of sliding friction between the surfaces 
of a body and the ground is 40 N and the applied 
force is 50N, will the body be accelerated ? De- 
termine the effective force producing the accelera- 
tion. 

A wooden crate of weight 60 N is placed on a 
wooden plane which makes an angle of 60° to tho 
horizontal direction. (/) Find the minimum force 
which will prevent the crate form sliding down. 
(ii) Determine the force required to move it up 
the plane. 

If the angle of friction is 40°, what will be the 
coefficient of static friction between two surfaces ? 
Find the mass of the sun from the following data. 
Mass of the carth = $.98 x 1024 kg, distance bet- 
ween the earth and the sun = 1.50 x 101! m, and 
the gravitational force between the sun and the 
earth = 3.50 x 1022 N. 


FIG. 9.1 (a) The work done by 


the force is F, cos0, (b) If the dir- 
ection of the force and the dir- 
ection of the displacement are 
parallel, i.e. 0=0, W= Fs 


5 Work, Power and Energy 


5.1 THE BASIC CONCEPTS 


The three new basic concepts you encounter in the field of 
physics are work, power and energy. All of them are of great 
importance in most areas of physics, chemistry, the biological 
sciences and technology. 


D.5.1 Work Done by a Force A measure of the effect ona 
physical system when an external or a resultant force changes 
the position of its point of application. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION W 

SPECIFICATION Magnitude The amount of work done by 


„a force is measured by the product of the magnitude of the 


force and the magnitude of the displacement of the point of 
application along the direction of the force. Measured in joule 
(J) (see D.5.2 below), 

MATHEMATICAL EXPRESSION From the definition of the 
magnitude of work done, 


: Work done=magnitude of force x magnitude of the component 


of the displacement of point of application along the direction 
of force. 
Two mathematical expressions arise for two cases: 


(i) If the displacement is actually along the direction of the 
force, 


W=Fs (E.5.1) 


"as s itself is the component of the displacement along the 


direction of the force. 


(ii) If the displacement is actually along a direction at an 
angle 6 to the direction of the force, 

W = Fs cos 86 (E.5.2) 
as s cos 6 is the component of the displacement along the direc- 
tion of the force. 

SIGN OF WORK DONE Although work is a scalar quantity it has 
a sign. 


WORK, POWER AND ENERGY 


Positive work The work is done on the object. The mechanical 
energy of the system increases. The angle between force and dis- 
placement is less than 90 . 

EXAMPLES When a block is lifted vertically upward, the machine 
does work on the object. Consequently its potential energy is 
increased. 

When a car is accelerated, its engine does work on the car, 
increasing its kinetic energy. 

Negative Work The work is done by the object. The mechani- 
cal energy of the system decreases. The angle between force end 
displacement is between 90° and 180°. 

EXAMPLES When a block is lowered vertically downward the 
object does work. Its potential energy is decreased. 

When a car is decelerated, it does work decreasing its kinetic 
energy. 


D.5.2 Joule A measure of the quantity of work done bya 
force; also a measure of the quantity of energy (see D.5.5} 
possessed or expended or absorbed by a physical system. 

TYPE OF QUANTITY SI derived unit. 

WRITTEN REPRESENTATION J 

SPECIFICATION One joule is the quantity of work done when 
a force of magnitude one newton moves its point of application 
through one metre along the direction of the force. 

1 joule = 1 newton x | metre, or 


1J=1Nm (E.5.3) 


D.5.3 Power A measure of the rate at which work is done by 
a force. 

EXAMPLES See Fig. 5.3. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION P 

SPECIFICATION Magnitude: Obtained as the amount of 
work done by the force in one second. Measured in watt (W) 
(see D.5.4 below). 

MATHEMATICAL EXPRESSION The magnitude of power is 
obtained as the ratio of the total work done by a force to the 
time elapsed in doing the work. 

power total work done Or 
time elapsed 
P= Wit (E.5.4) 
D.5.4 Watt A measure of the quantity of power developed or 
expended by a physical system. Alsoa measure of the rate at 
which energy is gained or lost by a physical system. 
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FIG. 5.2. (a) The work done is 
positive when the direction of the 
force and tre direction of the 
displacement are same. (b) The 
work done is negative when the 
direction of the force and the 
direction of the displacement are 
opposite to each other. i 
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FIG. 5.3. Unit of work : work 
done is 1 Joule when the point of 
application of IN moves a distance 
of 1 m along the direction of the 
force. 
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FIG. 5.4 Conversion of energy 
from one form to other form. 
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TYPE OF QUANTITY SI derived unit. 

WRITTEN REPRESENTATION W 

SPECIFICATION One watt is the quantity of power developed 
or expended when one joule of work is done in one second. 


1 watt = ‘joule or 
1 second 
1W=1IJs1 (E'5:5) 


D.5.5 Energy The property of a body or a physical system 
which is a measure of its capacity to do work or to develop or 
to expend power. 

EXAMPLES See Fig. 5.4. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION E 

SPECIFICATION Magnitude: The quantity of energy posessed or 
expended by a body or physical system can be estimated from 
the definitions D.5.1 and D.5.3, and E.5.1 and E.5.4. Usually, for 
each form of energy (see below), there is a standard mathemati- 
cal expression which gives the magnitude required. [e.g. for 
kinetic energy the formula is } my?; and for gravitational 
potential energy; it is mgh; see D.5.6 and D.S5.7.] Measured 
in joule (J). 

NOTE Energy in all its forms cannot be directly related to 
mechanical work. In most cases the relationship between E and 
W is very complicated. 


5.2 VARIOUS FORMS OF ENERGY 


The energy a body or physical system possesses or expends or 
receives can take several forms. Some of the important forms in 
which energy is found in the physical world, are mentioned 
below. 

(i) Mechanical Energy The energy a body or system pos- 
sesses or expends or acquires by virtue of its motion, or position 
with respect to another body. The mechanical energy arising 
from the motion of a body or system is called its kinetic energy 
(see D.5.7). The mechnical energy arising from the position of 
a body with respect to another body is called its gravitational 
potential energy (see D.5.6). 

(ii) Electrical Energy The energy a body or a system possess- 
es by virtue of its electrical properties or functions [e.g. the 
electrical energy of an electric lamp, an electric motor, an elec- 
tric circuit]. 

(iii) Chemical Energy The energy a body or a system pos- 
sesses or expends or acquires because of its chemical properties 
or its participation in a chemical process or reaction. [e.g. the 
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energy stored in a transister-cell ora iead accumulator, which 
gives rise to an electric current when used.] 

(iv) Radiant Energy The energy emitted or absorbed bya 
body or system in the form of radiation. [e,g. the light emitted 
by an electric lamp or a star, radiated heat energy from a fire or 
a hot body.] 

(v) Heat (Thermal Energy) The energy possessed by a 
body by virtue of the constant motion of its atoms and mole- 
cules, ard making itself felt as temperature. [e.g. the energy of 
the human body which maintains the body-temperature at nor- 
mal at 37°C (98.4°F),] 

(vi) Mass Energy The energy possessed by every physical 
body by virtue of its mass, or quantity of matter. According 
to Einstein, this form of energy is given by the formula E=mc¢? 
where m is the mass of a body, c is the velocity of light in 
vacuum, and E is the mass energy of the body. [e.g.1 g of gold 
has the mass energy 9 x 1013J, a man having a mass of 60 kg has 
the mass energy 5.4 x 1018 J.J 


TABLE 5.1 Some representative processes/devices where 
energy is converted from one form to another, 
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FIG. 5.5 Conversion of mass 
energy into kinetic energy. When 
a uranium nucleus; undergocs fis- 
sion and breaks into barium 
nucleus, krypton nucleus and n 
neutrons, part of its mass energy 
is converted into kinetic energy of 
the barium nucleus, krypton 
nucleus and neutrons. 


Process/ Device Energy from Energy to Process/Device Energy from Energy to 
Ball moving up kinetic. potential Loudspeaker electric sound 
Ball moving down potential kinetic Running fan electric kinetic 
Car braking kinetic heat Discharge of acell chemical electric 
Water flowing ‘Running car chemical kinetic+heat 
through turbines of Fuel burning chemical heat+light 
a generator potential electric Solar cell heat electric 
Water falling potential kinetictheat | Photo electric effect light electric 
Electric bulb electric light and heat | Nuclear reactor mass heat 
Charging of a battery electric chemical 


"5.3 MECHANICAL ENERGY 


The form of energy which is the simplest to understand is 
mechanical energy. Mechanical energy itself has two forms 
kinetic and potential. 


D 5.6 Gravitational Potential Energy (07 simply, Potential Energy) 
A form of the mechanical energy arising due to the position ofa 
body with respect to another body (usually, the earth) towards 
which it is gravitationally attracted. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION ¢ 
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FIG. 5.6 The potential energy, 
mgh, of a raised block depends 
only on its height above the refe- 
rence level (ground level). It is 
independent of the actual path 
taken by the block in reaching the 
final position. 
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SPECIFICATION Magnitude: Measured as the work done 
by or against the gravitational force acting on the body, over a 
displacement of the body above the earth’s surface. Measured 
in joule (J). 

MATHEMATICAL EYPRESSION From the above specifica- 
tien of magnitude, 

Potential energy = earth’s gravitational force acting on the 
body x its height above the earth’s surface, or 

¢ = mgh (E.5.6) 
where m is the mass of the body, g is the acceleration due to 
gravity, and A is the height of the body above the earth’s 
surface (mg is the force acting on the body; see D.4.11). 

LIMITATIONS OF THE CONCEPT (7) The gravitational potential 
energy of a body, with respect to the earth, is always a positive 
quantity. 

(ii) The height of the body (i.e. the displacement for the 
work done by the earth’s gravitational force) may be measured 
from a reference-point other than the earth’s surface. 

(iii) The above definition is for a particular kind of poten- 
tial energy. A body may possess potential energy of other kinds, 
e.g. electrostatic potential energy. (see Chapter 18). 

(iv) E.5.6 is valid only when h is small compared to the 
radius of the earth or planet. 


D.5.7 Kinetic Energy A form of the mechanical energy of a 
body or system arising from its state of motion. 
TYPE OF QUANTITY Scalar 
WRITTEN REPRESENTATION K 
SPECIFICATION Magnitude: Obtained by calculating the 
work done when a body is either accelerated or decelerated by 
applying an external or resultant force over a particular dis- 
placement. Measured in joule (J). 
MATHEMATICAL EXPRESSION The kinetic energy of a body 
is mathematically expressed as 
K = 3 my? (E.5.7) 
where m is the mass of the body and v is the magnitude of the 
velocity. (The expression E.5.7 is derived below.) 
NOTE For linear motion, K = 4 mu? (£.5.8) 
RELATION BETWEEN WORK DONE AND KINETIC ENERGY The 
expression E.5.7 for the kinetic energy is obtained when the 
kinetic energy of a body is related to the work done on or by 
the body. The relation is 
Work done = change in kinetic energy 
Derivation (for motion in straight line) 
(i) From Newton’s second law E.3.5, 
a= Fim (E.5.9) 
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(ii) For accelerated or decelerated linear motion, the (final) 
velocity is given in magnitude by 
u = u? + 2as (E.5.10) 
where s is the distance (displacement) over which the accelera- 
tion or deceleration occurs, due to the application of an external 
force F over that distance. 
(iit) E.5S.9 can be rearranged to give 


2s (E.5.11) 
(iv) Equating the right-hand side of E.5.9 with that of £.5.11, 
we get 
Fi apses 


m 2s (E.5.12) 
(v) Rearranging E.5.12, we obtain 
Fs = § m (u? — u?), or 
W=4muP—}mue, or 
W= Ky — Ki (E.5.13) 


where we have used W = Fs (E.5.1) and have defined $ mu,* 
as the final kinetic energy Ky of the body and 4 mus* as the ini- 
tial kinetic energy Ks of the body. 


Nores (i) E.5.13 is the mathematical expression of the ex- 


pression 
work done = change in kinetic energy 
(ii) 5.13 is valid for all types of motion, though derived 
here only for linear motion. ; 


D.5.8 Total Mechanical Energy At any given moment, the 
sum of the kinetic energy and the potential energy of a body. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION E 

SPECIFICATION Magnitude: Given at any moment during 
the motion of the body by the sum of the kinetic energy and 
the potential energy of the body. Measured in joule (J). 

MATHEMATICAL EXPRESSION 

E = K+ ¢ = 4m? + mgh (E.5.14) 

TRANSFORMATION OF MECHANICAL ENERGY In the course of 
motion of a body over its path, in many cases the kinetic energy 
gets transformed into potential energy; at other times during the 
motion, the potential energy gets transformed into the kinetic 
energy. 

This transformation of kinetic energy into potential energy, 
and vice versa, obeys the law of conservation of energy [Law 7: 
Note (iii). 

LAw 7 : THE LAW OF CONSERVATION OF ENERGY 
The total energy of a physical system always remains tonstant 
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FiG. 5.7 A force, F, uniformly 
accelerates a railcar and changes 
its speed to vy from v; in a distance 
s. The work done by the force, 
Fs, is equal to the change in the 
kinetic energy of the rail car. 


int =meh/2 


JE = K+$ 
$=0 
K=- m} \ 


y 
(a) 


FIG. 5.8 (a) (6) When a raised 
block falls, its potential energy is 
converted into kinetic energy. 
Throughout the motion, the sum 
of the potential energy and the 
kinetic energy is constant. (c) The 
kinetic energy is converted into 
work when the block hits a nail. 
Work done is equal to the force, 
F, exerted by the ground on the 
nail, multiplied by the distance 
the nail moyes into the ground. 


K= srt = mgh/2 
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during any changes in the state of the system. 

NOTES (i) The ‘total energy’ of the system includes all the 
various forms of energy (mechanical, thermal, radiation. mass 
etc.) that the system possesses. 

(ii) For conservation of total energy to occur, energy is often 
transformed from one form to another during changes in the 
state of the system. 

(iii) When we consider the transformation of the mechanical 
energy of a body in motion, we usually do not consider the 
other forms of energy possessed by the body. Thus, the total 
mechanical energy of such a body is all the energy it possesses. 
By Law 7, the transformation of mechanical energy must obey 
conservation. Hence; during transformation, the total mechani- 


cal energy is constant. Mathematically, 


E = K+ ¢= constant (E£.5.15) 


or, at two different times in its motion, the energy of the body 
obeys the equation 


Ki +¢1 = Ko +¢2 (E.5. 16) 


4 mn? + mgh = } mv? + mgh (E.5.17) 
(iv) So far no violations of this law are known. This is an 


absolute law. 


SOLVED EXAMPLES 


EXAMPLE 5.1 A boy pulls a rickshaw of mass 
80 kg. Determine the work done by him if he 
moves 120 m along (i) a horizontal road, (ii) 
road inclined at 30° to the horizontal. (Assume 
the road to be perfectly smooth.) 


§=90- PERS F 6=120° 


FIG. 5.9 Work done by a rickshaw puller. 


Solution m = 80 kg; s = 120m, 

W = Fs cos 6, where 8 is the angle between 
the force and the direction of displacement. 
The force is the weight of the rickshaw and it 
acts vertically downward. 

F = mg = 80 kg x 9.8 ms"? = 784 N. 


(t) Work done on the horizontal road. From 
Fig. 5.9 (a), 6 = 90° and cos 96° = 0. Hence, 
W = Fscos 90° = 0J 
(ii) Work done on the inclined road. From 
Fig. 5.9 (b), 0 = 120° and cos 120° = — }. 

Hence, 
W = Fs cos 120° = 784 N x 120 m x (—}) 
= —47 040 J = 4.7 x 104J 
Answer The work done by the boy is (i) 
on the horizontal road 0 J and (ii) on the in- 
clined road 4.7 x 104 J. 


EXAMPLE 5.2 Find out the amount of water 
which a pump with a motor of power 980 W 
can draw per hour from a well of depth 36 m. 


Solution First method In this problem, the 
force is the weight of the water which acts 
vertically downward. Let M be the mass of 
water lifted in 1 s. F = Mg. The water moves 
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through a vertical distance h, equal to the 
depth of the well or h = 36m. 
the work done on water in 1 s = Fh = Mgh. 
But according to the definition of power, 
the work done by motor in 1s = Power x ls 
= 980 W s = 980 J sts = 980 J. 
Hence, Mgh == 980 J 
or Mx 9.8 ms"? x 36 m = 980 kg m?s? 
or M = we k=- kg. 
The mass of water drawn per hour=M x 60 x 
60=100/36 kg x 60 x 60=10 000 kg=10* kg. 

Second Method Let us assume that the 
potential energy of the water at the water 
level at the bottom of the well is zero. The 
potential energy of the water at the ground 
level = Mgh, where h is the change in height. 
From the law of conservation of energy, the 
change in energy inl s = work done in 1 s. 
Hence, 

Mgh = 980 J. 

The rest of the calculations proceed as in the 
first method. 

Answer The pump will draw 104 kg of 
water from the well in one hour. 


EXAMPLE 5.3 Calculate the kinetic energy of 
(i) an electron of mass 9.1 x 10-31 kg moving 
at a speed 2.5 x 107 m s71; (#i) a car of mass 
1000 kg moving at a speed 20m si and (iii) 
a space ship of mass 5 x 105 kg moving at a 
speed 2000 ms 1. 


Solution K= 4 mu? 
(i) For an electron m = 9.1 x 10731 kg; and 
u=2.5x10?ms}. 
K = } x 9.1 x 10°91 kg x (2.5 x 107 ms“)? 
=4x9.1x25x2.5x 10717 kg m? s~? 
= 2.8 x 10716 J 
(ii) Fora car m= 1000 kg; u = 20 m sl 
K =}x 1000 kg x (20m s71)? 
= 2.0 x 105 J 
(iii) For a space ship m= 5 x 105 kg; u= 
2000 m s7} i 
K = 4 x 5 x 105 kg x (2000 m s71)2 
= 102J 
Answer The kinetic energy of (i) electron 
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is 2.8 x 10716 J, (it) a caris 2x 105 J and (iii) 
a space ship is 101? J. 


ExamPLE 5.4 Our earth is constantly bom- 
barded by microscopic particles carrying elec- 
tric charge, known as cosmic rays, which come 
from the depths of outer space. These cosmic 
rays mainly consist of protons (nuclei of 
hydrogen, of mass 1.67 x 10727 kg), and have 
very high energy (say 1.67 x 1071 J. A molecule 
in air has an average kinetic energy of 6 x 
10-21J), Determine the speed of these particles. 

Solution The entire energy of cosmic rays 
is kinetic. Hence, 

K=1.67 x 1071 J, and m=1.67 x 10727 kg. 

K= } my? or v? = 2K/m 

- ny" 

eG ae a we =2 x 1016m?s7? 
y = 1.41x108ms? 

Answer The speed of cosmic rays of en- 
ergy 1.67 x 1071 J is 1.41 x 108 ms 


EXAMPLE 5.5. A man of mass 70.0 kg climbs a 
tower of height 150 m in 25.0 min. (i) What 
is his potential energy at the top of tower ? (i) 
How much work does he do in climbing ? 
(iii) Find the average power he develops. 

Solution m = 70 kg, h = 150m, and t = 
25 min x 30s = 750s. Since the man moves 
above the surface of the earth, his potential 
energy increases. 
The increase in the man’s potential energy = 
mgh = 70 kg x 9.8 ms 2x 150m 

= 102900 J = 1.03 x 10 J. 

(ii) From the law of conservation of energy, 
Work done = gain in potential energy = 1.03 
x 10° J ; 


(iii) Power = work done _ 102 900 J 


time 750 s 
= 137 W 
Answer The potential energy of the man 
at the top of the tower is 1.03 x 105 J. He does 
1.03 x 10° J of work and the average power 
he develops is 137 W. ' 


ExamPLE 5.6 In the high jump event, the cur- 
rent Olympic record is 7 feet 43 inch (approxi- 


mately 2.25 m; the record was established at 
Munich in 1976 by J. Waszolaof Poland). 
Suppose that the Olympics are held on (i) the 
moon where gm = 1.7 m s™?. (if) Jupiter, 
where gs = 26.8 m s™?. (a) Calculate the velo- 
city of the jumper at the start of the jump, 
assuming that he makes the same effort in all 
the cases (initial velocity is same inall the 
cases). What will be the Olympic record 
(b) on the moon and (c) on Jupiter ? 

Solution At the start of the jump, the poten- 
tial energy of the jumper is zero, hence, his 
energy at the surface of the earth is entirely 
kinetic. 

The energy of the jumper at the surface of the 
earth = K = } my? where m is the mass of the 
jumper and » is his velocity at the start of the 
jump. At the top of the flight, the velocity of 
the jumper as well as his kinetic energy are 
zero. Hence, his energy is entirely potential. 
The energy of the jumper at the top of the 
flight = ¢ = mgh 
where A is the height of the jump. From the 
law of conservation of energy 
4 mv? = mgh or 

v2= 2gh 

(a) On the earth h = 2.25 m 

v2 = 2 x 9.80 ms 2x 2.25 m = 44,1m? s~? 

v = 6.64 m s1 

(b) On the moon v=6.64 m s~}, and g=gm 
= 1.7ms? 

y2 44.1 m? s~? 
hee ARS Ge a 

(c) On Jupiter v = 6.64ms}+g=gy = 

26:8 ms} 


hy = 


hm = 


VAL: ...44.1_m?s7? 
2g, 2x268ms1 
Answer The initial velocity of the jumper 
is 6.6 ms 1, The Olympic record on the moon 
will be 13.0m and on Jupiter it will be 0.823m. 


= 0.823 m 


EXAMPLE 5.7 The principle of the X-ray tube 
is quite similar to that of the TV tube. Elec- 
trons deflected by an electric field fall on a 
screen where a visible picture is produced. In 
the X-ray tube, accelerated electrons fall on a 
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metal block (anode) which produces X-rays. In 
a typical X-ray tube, an electric force of about 
3.2 x 10713 N acts in the direction of the mo- 
tion of electrons. Electrons of mass 9 x 1073! 
kg enter the region of the electric force practi- 
cally with zero velocity and travel a distance 
of 0.10m in it. What will be the kinetic energy 
and speed of an electron when it hits the 
metal anode? 


Cathode Anode 


FIG. 5.10 X-ray tube 


Solution F = 3.2 x 1073N,s = 0.10 m, 
and m = 9.1 x 10°31 kg. 
From the law of conservation of energy, 
the gain in the kinetic work done by the 
= electric 
energy of an electron force on the electron 
K = Fs = 3.2 x 10733 N x 0.1 m 
= 3.2 x 10714 J 
Now 
Fm2 = K 
you 2k _ 2x3.2x104J 
m 9.1 x 10°31 kg 
= 3 x 1017 m? s72 
vy = 2.7 x 108 msl 


Answer The kinetic energy and speed of 
an electron, when it hits the metal anode, are 
3.2 x 10714 J and 2.7 x 108 ms“, respectively. 


EXAMPLE 5.8 A bullet of mass 10 g moving 
at a speed 300 m s™1 hits a target and stops 10 
cm inside the target. Calculate the resistive 
force offered to the bullet. 


Solution m = 10 g = 0.01 kg, u = 300 
m s™1, and s = 10cm =0.1 m. The kinetic 
energy of the bullet just before entering the 
target = Ki. 
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Ki = } mê: 4x 0.01 kg x 300msx 
300 ms} = 450 J 
and 

K; = O. 


The change in kinetic energy = Kı — K: = 
450 J 

Let the resistive force encountered by the bul- 
let be F. Then work done by the bullet inside 


target = Fs. From the law of conservation 
of energy 
Work done = change in kinetic energy 
Fs = Ki—Kr 


Fx0.1m= 4503 

F = 450 J | 0.1m = 4500 N 

Answer The resistive force offered by the 
target is 4500 N. 


EXAMPLE 5.9 A ball is thrown vertically up- 
ward with a speed of 30.0ms™. What will 
be its distance from the ground level when its 
speed is 20,0 m s~}? 
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Solution u: = speed of the ballat ground 
level = 30:m s7}, us = speed of the ball when 
it is at a height A from the ground level = 20 
ms“, 

Kı = (1/2) Mu? = 450 x M m? s~? 
Ky = (1/2) Mu} = 200 x M m? s~? 
Where M is the mass of the ball. 

Loss of K.E. = K:— Kr = 450 x M m? s~? 
— 200 x M m? s? = 250 x M m? s~? 

The potential energy at the ground level = 
ġgı= 0 

The potential energy at a height of h from 
ground level = $7 = Mgh=Mx98ms?xh_ 

=98xMxhms? 
Gain in P.E. = 9.8Mh ms? 
Gain in P.E. = Loss of K.E. 
98xMxhms?= 250 x M m? s72, or 
250 m2 s? 

h "Sn 25.5m 

Answer The body is 25.5 m from the 
ground level when it has a speed 20,0 m 3 


PROBLEMS 


5.1 The point of application of a force of JON moves 
1 m (i) in the direction of force (ii) perpendicular 
to the direction of force (iii) opposite to the direc- 
tion of force. How much work has the force done 
in each case ? 

5.2 In order to obtain a rough estimate of the work 
done by the human heart in one day make use of 
the following data. 

Blood is pushed with a force 6.0N in the art- 
ery. The distance travelled by the blood in an 
artery due to one heart-beat is 0.145 m. The heart 
beats once in one second. Assume the artery to 
be straight 

5.3 A force of magnitude 100 N applied toa wooden 
block does 1750 J of work. Determine the mag- 
nitude of the displacement of the block if the angle 
oe the force and the direction of motion is 

0 f 

5.4 A force moves a box through 4.0 m when applied 
at an angle of 30° to the direction of displacement. 
If it does 1000 J of work, find its magnitude. 

5.5 Aman pulls a wagon with a force of 10 kg-wt and 
does 980 J of work. What is the direction of the 


force when the magnitude of the displacement of 
the wagon along the road is 104/21 m? 

5.6 The power of a certain motor is 3000 W (i) How 
much work will it do in 21 s? (i How much time 
will it take to do 31 200 J of work? 

5.7 What is the power of an engine which moves a 
truck toa distance of 1.2km in | min against a 
force of 1500 N? 

5.8 What is the potential energy of aman of mass 55 
kg at a height of 5.2m from the ground level? 

5.9 At what height is an object of mass 10 kg at rest 
if it has a potential energy of 980 J. 

5.10 Ram (56 kg) and Shyam (70 kg) have the same po- 
tential energy. Ram is 10 metres above the sur- 
face of earth. Determine the height of Shyam 
from the ground level. 

5.11 What is the mass of the body which has a poten- 
tial energy 392 Jata height of 2m from ground 
level? 

5.12 Acannon fires a shell of 2800g at a speed of 
30.0m s1. What is the kinetic energy of the 
sheil? 

5.13 Determine the mass of a proton of kinetic energy, 
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5.16 


5.17 


5.18 


5.19 


8.35 x 10°'4 J moving at a speed 1.00 x 107 m s-t. 
Calculate the average speed of molecule in the air 
of mass 4 x 10-27 kg which has the kinetic energy 
10-21 J. 

The velocity v of a body of mass m is (i) doubled 
(ii) halved. How does its kinetic energy change 
in either case? 

A crane lifts a car of mass 1000 kg from the gro- 
und to the deck of a ship 550 cm higher than gro- 
und level. 1f the whole operation is completed in 
20 s, determine the minimum power of the crane. 
Ramesh, of weight 65 kg-wt. went up the stairs 
from the second floor of a building to the twelfth 
floor of the same building. Determine the work 
done by him, if the height of each storey is 5.0 m. 
How much work will be done by a man if he lifts 
a stone of mass 2.0 kg from the ground level and 
puts it on a rack 2.0 m high? 

One of the applications of the law of conservation 
of energy in the field of sports is the pole-vault 
event. In this event, an athlete runs holding one 
end of a long pole in the horizontal position. At 


the end of the run he places the other (free) end of 
the pole into a socket in the ground. Thisend of 
the pole is fixed now and the horizontal pole 
bends and lifts up the athlete. In this process, the 
centre of gravity (see D.6.12) of the athlete rises, 
and consequently his potential energy increases 


FIG. 5.11 Law of conservation of energy in pole- 


vault event. 


5.20 


5.22 


5.23 


5.24 


5.25 


5.28 
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and kinetic energy decreases. The centre of gravity 
of the athlete rises till all the kinetic energy is 
converted into potential energy. Suppose an 
athlete is running at 10 ms-!. Find by how much 
amount his CG can be raised by this conversion 
of the energy alone. 

A body of mass 2000g is dropped from a tower 100 
m high. (a) What will be its kinetic energy when 
it hits the earth? (b) After how much time will it 
hit the earth? 

A rain drop falls from a cloud 100 m above. the 
earth’s surfaco. What will its speed be when the 
drop hits the ground, assuming that it does not 
lose kinetic energy in overcoming air-resistance? 
(In actual practice the speed is never more than a 
few metres per second. Can you guess the reason? 
See D.4.17) 

The kinetic energy of a metal of mass 10 kg fall- 
ing towards the ground from a tower is found to 
increase between two marks by 1225 J. What is 
the distance between the two marks? 

Dams.are constructed to generate electricity from 
water. The principle of electric generation is that 
water is allowed to fall from a height on to the 
turbine. Due to the loss of height, the kinetic en- 
ergy of the water increases. The gain in kinetic en- 
ergy is transferred to the turbine, where it is con- 
verted into electrical energy. Let us assume that 
all of the kinetic energy of the water due to the 
fall is converted into electricity. If the height of a 
dam is 60 m, how much water should fall through 
the dam to generate a power of 4.41 x 108 W (441 
megawatt)? (Note : About 450 MW was the daily 
consumption of Delhi in the month of September, 
1979). 

A boy runs on a level road with a constant speed 
10 m’s-1. At what height above the surface of the 
earth will he, at rest, have the same total energy? 
The speed of a bicycle rider changes from 2.5 m s-1 
to 5.0 m s-1, What is the work done by the rider? 
The mass of the cycle and the rider together is 90 
kg. 

The work done by a scooter is 4800 J when its 
speed increases from 2mstto 10ms-1. Deter- 
mine the mass of the scooter. 

How much work will be required to stop (i) a man 
of mass 60 kg moving at 18 km h-1 (//) a bullet of 
mass 50.0 gm moving at a speed 100 m s-1? 

A car, travelling at a speed of 90.0 km h1 hits a 
wall. The driver who is wearing a seat belt is stop- 
ed in a distance of 100 cm. Find the average force 
exerted by the seat belt on the driver after the col- 
lision, if the mass of the driver is 60.0 kg. 

(Also do this problem by using the third equation 
of motion and the second law of motion. If the 
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5.29 


5.30 


5.31 


driver is not wearing the seat belt such a large 
force will completely crush the chest against the 
steering wheel). 

A bullet of mass 10.0g is fired from a rifle whose 
barrel is 100 cm long. If the muzzle velocity of 
the bullet is 500 m s1, determine the average force 
acting on the bullet inside the barrel. Solve this 
problem using the concepts of this chapter, and 
also the concepts of Chapters 3 and 4. 

Solve problem 4.28 (jii) using the concepts of this 
chapter. Determine the power of the engine and 
compare your answer with the actual power of the 
engine (1938 820 W). Think why the calculated 
answer is very different from the actual value. 
Normally, if one jùmps upward, the CG is not 
raised much above the normal position. However, 
if one first crouches and then jumps vertically up- 
ward, the CG can be raised considerably. Whena 
man crouches, his CG is lowered by about 40cm 
below the CG in the standing position, When the 
crouching man jumps up and straightens himself in 
air, his CG can be raised as much as 40 cm above 
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the CG when standing, Determine (/) his speed 
when he just leaves the ground, and (ii) the 
amount of werk done by him in jumping. The 
mass of the man is 55 kg. 
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FIG. 6.1 A plank is resting on a 
wedge at point C. One person 
applies a pull type of force F,, 
having point of action at A while 
another person applies a push type 
of force F, having point of actior 
at B. 
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FIG. 6.2 Three possible kind of 
relationships between line of action 
and the force arm. The bold dot 
indicates the reference point or 
pivot O, r represents the force 
arm and P represents the point of 
application. 


6 Moments and Equilibrium 


6.1 BASIC CONCEPTS 


The study of the ‘turning effect’ of forces involves several new 
concepts. This study is not the same as the study of angular or 
circular motion. 

Before we proceed to the main concepts, three ideas must be 
clarified. 

(a) The line along which the vector representing a force lies is 
called the line of force. 

(b) The point of action of a force is the point in a body at 
which the force is experienced. 

(c) There are two basic types of forces : the ‘push’ type and the 
‘pull’ type. In the case of a ‘push’ type of force, the arrowhead 
of the force-vector is placed at the point of action. In the case 
of a ‘pull’ type of force, the base of the vector lies at the point 
of action, as shown in Fig. 6.1. 


D. 6.1 Force-arm—Lever arm—Moment arm The perpendi- 
cular distance from the reference-point (or pivot) to the line of 
action of a force (passing through a body). 

EXAMPLE See Fig. 6.2. 

TYPE OF QUANTITY Vector; but here taken to be scalar. 

WRITTEN REPRESENTATION r 

PICTORIAL REPRESENTATION A straightline drawn from the 
reference-point to the line of action of the force, meeting the 
line of action of the force vector at right angles. 

SPECIFICATION Because we are treating the force-arm as a 
scalar, only its magnitude has to be considered; it is the perpendi- 
cular distance from the force vector to the reference-point. 
Measured in metre(m). 


D. 6.2 Moment of a Force (or, simply, Moment) A measure 
of the ‘turning effect’ of a force applied to a body, with respect 
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to a given reference-point. 
EXAMPLE See Fig. 6.3 
TYPE OF QUANTITY Vector; but here taken to be scalar. 
WRITTEN REPRESENTATION M 


£ 


rae oO 


SPECIFICATION (a) Magnitude: Because we are treating the F r 


moment of a force as a scalar, only its magnitude has to be 
considered; given by the expression 


M = rF, 


where F isthe magnitude of the applied force and r is the force- 
arm with respect to a given reference-point. Measured in 
newton-metre (N m). 

(b) Sign : The moment has a sign associated with it. Clockwise 
moment (if the body has the tendency to rotate clockwise) has 
a negative sign. Anticlockwise moment (if the body has the 
tendency to rotate anticlockwise) has a positive sign. See Fig. 6.3. 

LIMITATIONS OF CONCEPT (i) This isa simplified idea of the 
moment of a force. For a complete idea of the ‘turning effect’ of 
a force, we need to treat the force-arm and the moment as 
vectors. 

(ii) We shall give the word ‘torque’ a meaning different from 
that of ‘moment of a force’ (see D. 6.3) for the sake of clarity 
and precision. 

(iii) The moment of a force may be calculated for any given 
reference-point, either inside or outside the body on which the 
force is applied. 

(iv) If, for a given body, an applied force has a moment about 
a given reference-point, the body tends to turn around that 
reference-point. But this turning effect does not always cause the 
body to rotate or revolve around the reference-point. 


D. 6.3 Torque The moment of a force applied to a ovoay 
which tends to rotate around a given reference-point or axis of 
rotation. 

EXAMPLES See Fig. 6.4 

TYPE OF QUANTITY Vector; but here taken to be scalar. 

WRITTEN REPRESENTATION T 

SPECIFICATION Magnitude : Because we are treating the torque 
of a force as a scalar, only its magnitude has to be considered; 
given by 


(E. 6.2) 


where F is the magnitude of the applied force that causes the 

body to rotate, and r is the force-arm with respect to the axis 

of rotation of the body. Measured in newton-metre (N m). 
LIMITATIONS OF CONCEPT (i) The moment of 2 force is called 


t=rF 


(E.6.1) .¥ 


M=+rF (J M = +rF 
(a) 
M--—rF E M =—rF 
Q 
FTO r 
(b) 


FIG. 6.3 Nature of the moment. 
(a) Two examples of anticlock- 
wise moment which has positive 
sign. (b) Two examples of clock- 
wise moment which has negative 
sign. 
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FIG. 6.4 Various possiblities for the clockwise and anticlockwise torques. (a) Negative torque will rotate the 
body clockwise about the pivot. (6) Positive torque will rotate the body anticlockwise about the pivot. (c) 
Common practical example of the torque. 


FIG. 6.5 Addition of two 


torques, (a) Both 7, and 7, are 
anticlockwise and their resultant 
is in the same sense. (b) 7, is 
anticlockwise and 7, is clockwise. 
Since t,> t, in magnitude, T is 
clockwise. In both the examples 
the magnitude of +,, >, and 7 are 
proportional to. the length of the 
arcs representing their turning 
effects. 


torque when the reference point is the point of rotation (or 
reference point lies on the axis of rotation). 

(ii) A torque acting ona body causes it to rotate about a 
reference-point or axis of rotation. 

(iii) A torque is always required to set and to maintain a 
body in rotatory motion. 

(iv) A torque may be large because (a) ris large, or (b) F is 
large, or (c) both r and F are large. 

(v) The concept of ‘torque’ plays the same role in the study 
of rotation as ‘force’ does in the study of linear motion. 


D. 6.4 Clockwise Torque A torque causing or tending to cause 
rotation in the clockwise sense. 

EXAMPLE See Fig. 6.4(a). 

SPECIFICATION Magnitude :Given by (E. 6.2), but has a negative 
sign by convention. Measured in newton-metre (Nm). 


D. 6.5 Anticlockwise Torque A torque causing or tending to 
cause rotation in the anticlockwise sense. 

EXAMPLE See Fig. 6.4(b). 

SPECIFICATION Magnitude: Given by (E. 6.2), but has a positive 
sign by convention. Measured in newton-metre (Nm). 


D. 6.6 Resultant of Two Torques A single torque having the 
same net rotatory effect on a body as two independent torques. : 
EXAMPLE See Fig. 6.5. 
SPECIFICATION The resultant torque is obtained as the 
algebraic sum of the two independent torques, as shown below 


za ttet T (E. 6.3) 
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D. 6.7 Couple A pair of inverse forces acting simultaneously 
on a body along two different lines of action. 

EXAMPLE See Fig. 6.6. 

PICTORIAL REPRESENTATION By two equal and anti-parallel 
vectors having different points of applications. 

NOTE No single force can replace a couple in its effect 
although parallel forces can be replaced by a single force for all 
practical purposes. 


D. 6.8 Moment of Couple A measure of the ‘turning effect’ of 
a couple. 

TYPE OF QUANTITY Vector; but here taken to be scalar. 

WRITTEN REPRESENTATION C 

SPECIFICATION (i) The magnitude of each force of the couple 
(the same for both forces), F. 

(ii) The perpendicular distance between the two force vectors, 
I (see Fig. 6.7). 

(iii) The midpoint, O, between the two lines of action of the 
forces (see Fig. 6.7). 

The turning effect of a couple is measured around the mid- 
point of the separation of the two forces. Hence, the magnitude 
of the moment of a couple is given by (see Fig. 6.7) 

C=%4/F+3IF, or 
C=1E (E. 6.4) 
nores (i) The moment of a couple always produces a rotation 
of the body on which the couple is applied. 

(ii) The centre of rotation or axis of rotation lies between the 
two lines of action of the forces; usually, at,the midpoint. 

(iii) The two forces of a couple are anti-parallel (they point in 
opposite directions); but they produce ‘turning effects’ in the 
same sense. Hence, the torques of both forces have the same 
sign and their magnitudes can be directly added together (see 
Fig. 6.8). . 

(iv) The moment of a couple is negative if the couple acts in 
the clockwise sense; it is positive if the couple acts in the anti- 
clockwise sense (see Fig. 6.8). 


6.2 THE CONCEPT OF EQUILIBRIUM 


Equilibrium is an essential concept in the study of motion, as 
well as in other areas of science. Our ideas of equilibrium, 
whether in chemistry, e.g. chemical equilibrium, Or in biology 
are derived from our study of physical equilibrium. 


D. 6.9 Equilibrium The condition of rest or of uniform linear 
motion of a body on which two or more external forces are 
acting simultaneously. 
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FIG. 6.6 Couple. The two forces 
are equal in magnitude but anti- 
parallel and have different points 
of application. 


FIG. 6.7 Calulation of moment 
of couple. Point O is the mid- 
point of line perpendicular to the 
two forces (PQ in (4) and AB 
in (b) ) as well as of the line join- 
ing the points of application of 
the two forces (PQ). It is the 
point around which the body 
rotates. / is the perpendicular 
distance between the two forces. 
and the magnitude of the moment 
of the couple is /F. 
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(b) 


FIG. 6.8 Nature of the couple 
(a) Negative couple will rotate the 
body clockwise atout the point 
O. (b) Positive couple will rotate 
the body anticlockwise about the 
point O. 


FIG. 6.9 The ring will te in 
translational equilibrium (will not 


move) oniy and only if forces 
exerted by the hand are equa! and 
opposite, F,=F,, and have the 
same line of action. 
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FIG. 6.10 Rotational 


equilib- 
rium. The beam will be balanced 
when the moment of W, about O 
is equal to th moment of W, 
about O 
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MATHEMATICAL EXPRESSION The conditions of equilibrium of 
a body which has two or more forces acting on it can be mathe- 
matically expressed by two equations. 

(i) The algebraic sum of the forces, taken in any two perpendi- 
cular directions, must be zero. 
Along x-direction 


Fix + Fox + Fax + = 0 (E..6.5) 
Along y-direction 
Fiy + Fay + Fay +... =0 (E. 6.6) 


where F;x and Fy are x and y components of the force Fi, etc. 

(ii) The algebraic sum of, the moments of these forces, taken 

about any reference-point, must be zero. 

nF, + Fa + rF +... = 0 (E. 6.7) 
D. 6.10 Translational Equilibrium The condition of equili- 
brium of a body in which it undergoes no linear displacement 
under the action of two or more external forces. 

EXAMPLE See Fig. 6.9. 

DETERMINATION Whether a given body is in translational 
equilibrium or not can be determined by obtaining the algebraic 
sum of the external forces acting on the body along any two 
perpendicular directions. If the sum of the forces is zero, indepen- 
dently in both directions, then the body is said to be in’ 
translational equilibrium. 

SPECIFICATION Mathematically, the above condition can be 
specified by E.6.5 and E.6.6. 


D. 6.11 Rotational Equilibrium The condition of equilibrium 
of a body in which it undergoes no angular displacement under 
the action of two or more external torques. 

EXAMPLE See Fig. 6.10. 

DETERMINATION Whether a given body is in rotational equili- 
brium er not about the given point can be determined by 
obtaining the algebraic sum of the external torques acting on 
the body about the given point. (Positive sign for anticlockwise 
moment and negative sign for clockwise moment.) If the sum of 
all the torques is zero, then the body is said to be in rotational 
equilibrium about the given point. 

SPECIFICATION Mathematically, the above condition can be 
specified as : 

ryFi + r2 + -- = 0 
about any reference-point. 


(E. 6.7) 


Law 8: THE PRINCIPLE OF MoMENTS 
For a body in rotational| equilibrium, about the given point or 
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axıs the algebraic sum of the clockwise moments acting about 
the given point is equal to the algebraic sum of the anticlock- 
wise moments about the same given point. 

EXAMPLE See Fig. 6.11. 

SPECIFICATION Mathematically, the principle of moments can 
be specified as : 


My + M2 + + + Ma = My + Mz + + Mn (E. 6.8) Q: 
(clockwise moments) (anticlockwise moments) FIG. 6.11 Principle of moments. 


APPLICATION The chief application of the principle of Fora beam in rotational equilibr- 
moments in everyday life is the common balance, and the game ium the sum of clockwise moment 
of see-saw (see also Chapter 1). ore tae pie pile 2 

Analysis of operation anduse of common balance: When the the SuM of anticlockwise. moment 
empty balance is suspended from the fulcrum, the instrumentis about O (sum of moments of P1, 
in rotational equilibrium. P, and P, about 0). 

The two arms of the beam are equal in length (J) and the two 
pans have the same mass (mp). The clockwise and anticlockwise 
moments about the fulcrum are equal in magnitude and opposite 
in effect, When material of unknown mass m is placed on the 
left-hand pan the clockwise moment about the fulcrum becomes 
I (mp + m) g. To restore rotational equilibrium (i.e. to make 
the balance-beam horizontal again), a standard weight of mass 
mo has to be placed on the right-hand pan. 

The rotational equilibrium of the balance is restored when 


1 (mp + mo) g =! (mp + m) g (E. 6.9) 
Thus, for rotational equilibrium during the weighing operation, 
mo =m (E. 6.10) 


D. 6.12 Centre of Gravity of a Body The geometrical point, 
at which the entire weight of a body or mass of matter may be 
assumed to act; alternatively, the geometrical point at which all 
the gravitational forces acting on the body or mass of material 


I j; lı 4, 


—_—_—————— 
(my+m,) g 


(mp+m) g (my+mo) & (m,+m,) 8 


(0) 


(a) (b) i 

FIG. 6.12 (a) A common balance having two pans of equal mass Mp. (b) For equal arms, the beam will 
become horizontal when equal masses are placed in both the pans. (c) For unequal arms, the beam will not 
be balanced if the pans are of equal mass and empty. It will be balanced when the moments of the (left pan 


mass- mass in it) is equal to the moment of (right pan mass-+-mass in it) 
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may be replaced by a single force having the resultant magnitude 
and direction of all the gravitational forces. 

WRITTEN REPRESENTATION CG 

SPECIFICATION A geometrical point inside, on the surface 
or outside the physical extent of a body or a mass of material 
about which the moments due to all the gravitational forces is 
zero. 

DETERMINATION (i) By Calculation: For bodies with simple 
geometrical shapes, the centre of gravity can be calculated using 
E 6.7. directly (see Fig. 6.13). Bodies with complicated or 
irregular shapes need more advanced calculations. 


Equilateral 


Circle triangle 


Rectangle (sphere) Ring 
(square) 
Rod (c) (d) (e) 
GES A 
Centre of the ‘a 
rod : ; à / 5 \ 
Point of intersection Point of intersection 


of two diagonals Centre of the of medians Centre of the 


circle (sphere) ring 


FIG. 6.13 Centre of gravity of some regular shaped bodies. The dot indicates position of the centre of gravity 


PATIT 


Anticlockwise torque 


Clockwise torque 


No torque 


FIG. 6.14 Determination of the 
centre of gravity of a system by 
balancing it over a pivot. When 
pivot is below the centre of 
gravity, the total torque about 
pivot is zero. 


(ii) By Experiment : (a) Experimentally, the centre of gravity 
of a body or mass of matter can be determined by locating the 
point such that when a fulcrum is placed at it, the body is ina 
state of balance or rotational equilibrium. The equilibrium about 
the centre of gravity is stable (see D. 6.13 ). See Fig. 6.14. 

(b) By suspending the body about a pivot : See Fig. 6.15. 


6.3 TYPES OF EQUILIBRIUM 


A body, which is in an inertial state under the action of two or 
more external forces, may be in any one of the following types 
of equilibrium. 


D. 6.13 Stable Equilibrium A body in equilibrium under the 
action of several forces such that, when the body is given a 
slight angular displacement, the forces already acting on it 
restore or tend to restore it to its initial state. 

EXAMPLE See Fig. 6.16(a). 

DETERMINATION If a body returns or tends to return tọ its 
original position when given a slight angular displacement, it is 
in stable equilibrium. 

RELATION TO CENTRE OF GRAVITY For a body in stable equili- 
brium, the centre of gravity is raised from its initial position 
during the angular displacement. This enables the body to 
return to its initial position after the displacement. 


D. 6.14 Neutral (Metastable) Eguilibrium A body in equili- 
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brium under the action of several forces such that, when it is 
given a slight angular displacement, the body remains in its new 
position. 

EXAMPLE See Fig. 6.16(5). 

DETERMINATION If a body remains in its new position when 
it is given a slight displacement, it is in metastable or neutral 
equilibrium. 

RELATION TO CENTRE OF GRAVITY For a body in neutral 
equilibrium, the centre of gravity is neither raised nor lowered 
from its initial position. That is why the body remains in its 
new position. 


D. 6.15 Unstable Equilibrium A body in equilibrium under 
the action of several forces such that, when it is given a slight 
angular displacement, forces acting on it tend to increase the 
displacement. 

EXAMPLE See Fig. 6.16(c). 

DETERMINATION If a body does or tends to increase the slight 
angular displacement given to it, it is in unstable equilibrium. 

RELATION TO CENTRE OF GRAVITY For a body in unstable 
equilibrium, the centre of gravity is lowered from its initial 
position. That is why the slight angular displacement is increased 
or tends to increase. 


D.6.16 Mechanical Stability (or simple stability) The ability of the 
of the body to resist from being tripped over. 

EXAMPLE A truck packed with a light material like straw or 
cotton is more likely to topple over (less stable) than a truck 
loaded with heavier material like iron bars (more stable). 

RELATION TO CENTRE OF GRAVITY Comparatively that body is 
more stable which has its centre of gravity nearer its base. 

NOTE In most of the cases, a body will topple over the moment 
the vertical line passing through its centre of gravity goes out of 
its base. 

Anticlockwise couple 


(b) 


FIG. 6.16 (a) Stable equilibrium. Rotate the body of (i) slightly. 


weight of the body and the reaction at the point of contact with support, $ > 
original position. (b) Neutral equilibrium. No couple acts on the body when it is slightly rotated. 
(b) Unstable equilibrium. The clockwise couple, (c) (ii), rotates the 


body such that it wiil never come back to its original position as in (c) (i). 


always remain in the same position. 


gi 


(c) 


FIG. 6.15 Determination of the 
centre of gravity of a cardboard. 
(a) The cardbord is suspended 
from the pivot passing through the 
point O. A vertical line XX’ is 
drawn on the cardboard passing 
through O when it stops rotating. 
(b) The cardboard is again suspen- 
ded from another pivot passing 
through the point O° and another 
vertical line YY’ is drawn on the 
cardboard. CG of the cardboard is 
the point of intersection of two 
lines YX ‘and YY’. (c) When CG 
does not lie on the vertical line 
passing through the pivot,a couple 
formed by the weight of the body 
acting at CG and the reaction at 
pivot, rotates the cardboard as to 
bring CG below the pivot. 


(c) Clockwise couple 


The anticlockwise couple formed by the 


will bring the body back to its 
It will 


REVISION IN PHYSICS 


SOLVFD EXAMPLES 


ExAMPLe 6.1 Find the moment-arm of a 
force F with respect to the point O for the 
following cases (Fig. 6.17). 


30° 

Q f} B 

(Oz Cg 
F 

F 


A 
OA = 50cm 


F 
(a) (>) (c) 


FIG. 6.17 Determination of moment-arm. 


Solution r= moment arm = perpendicular 
distance between the given point and the line of 
action of the force. 

Case I In this case, QA is perpendicular to 
the line of action of the force, and is itself the 
moment arm. Hence, 


r= 0A = 50cm = 0.5 m 


Case II In this case, OA is not perpendi- 
cular to the line of action of the force. Hence, 
from the point O, we drop a perpendicular OB 
on the line of action of the force. Hence, from 
the trignometric relation for a right-angled 
triangle, we have 

r= OB = OA sin ZBAO = OA sin 60° 


=0.5m xV = 0.254 3 m. 


Case III In this case since the line of action 
of the force passes through the reference point 
itself, there is no question of a ‘perpendicular 
distance’. Hence, r= 0 m. 

Answer The moment arm for the three 
cases is (i) 0.5 m, (ii) 0.25 a/ 3 m, and (iii) 0 m. 


EXAMPLE 6.2 Determine the moment of the 
force Fabout the points A and B for the follow- 
ing cases, (Fig. 6.18). 

Solution (a) (i) About the point A: 
force arm = OA = 0.2 m. Hence, 


Ma = Moment of F about A = rF 
=+20NxX02m=+4Nm 


r = the 


20 N 


20 N 
30° 
A àD BA B 20N 
———— ee 
A fol B x ue 
XE 
AO=0.2 \ (b) (c) 
© Op=0.4m 


FIG. 6.18 Calculation of moment. 


Since the moment is anticlockwise it has a 
positive sign. 
(ii) About the point B: r= OB = 0.4 m. 


Hence, 

Ms = —20 NX0.4 m = —8.0 N m 
Since the moment is clockwise it hasa negative 
sign. 

(b) (i) About the point A: r= AD = OA sin 
ZAOD=OA sin 30° =0.2 mx$=0.1 m. 
Hence, 

Ma = +20 Nx0.1 m = +2 N m. 

(ii) About the point B: r= BE = OB sin 
Z BOE =0B sin 30° = 0.4 mx}=0.2 m. 
Hence, 

Ms = —20 Nx0.2 m = —4.0 N m. 

(c) In both of these cases, the line of action 
passes through the point O itself. Hence, 

r = 0 and M4 = Mg = 0 Nm. 


Answer The moments of the given force 
about point A and B respectively are (a) 4 Nm 
and —8 Nm (b) 2 N m and —4 Nm and 
(c)O Nm. 


EXAMPLE 6.3 Determine torque on the knee 
joint by a force of 10 kg-wt as shown in Fig. 
6.19. 

Solution F = 10 kg-wt = 10kgxg = 10 kgx 
98m s? = 10x98 kg ms?=98 N,r= 
perpendicular distance between A and the line 
of action of the force = AC = AB sin ZABC 
= 0.45 m Xsin 30° = 0.45 mx} = 0.225 m 

t= —Fr=—98NX0.225 m 
=—22 Nm 


ie a a a 
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FIG. 6.19 Knee exercise. 


Since the torque is clockwise it has a negative 
sign. 

Answer The torque exerted by the suspen- 
ded mass on the knee-joint is —22 N m. 


ExAMmPLE 6.4 A horizontal metre rod is 
such that it is free to rotate about the 30 cm 
mark. (i) Where should a downward force of 10 
N act so as to produce the maximum torque ? 
(ii) What will be the magnitude of this torque? 
and (iii) Will the rod rotate clockwise or anti- 
clockwise ? 

Solution F= 10 N; magnitude of the tor- 
que = rF. (i) In order to obtain the maximum 
torque one must have r as large as possible. If 
F is applied to the left of the 30 cm (0.3m) 
mark, the maximum possible value of r will be 
0.30 m (when F acts at the 0 cm mark). On 
the other hand, if F is on the right of the pivot, 
the maximum possible value of r will be 0.70 
m (when F acts at the 100 cm mark), Hence, 

z (maximum) = —0.7 m X 10 N = —7 Nm 
Since 7 is negative, the rod will rotate clockwise. 

Answer For the maximum torque, the force 
must act atthe 100 cm mark. The maximum 
possible magnitude of the torque is 7.0 N m, 
which will cause the rod to rotate clockwise. 


Exampce 6.5 A force Fi of magnitude 5 N 
acts on body Aand a force Fz of magnitude 
3 N acts onbody B. In which case will the 
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rotatory action be greater, if the force arm of 
F; is 1 m while that of F, is 2m? 

Solution Fı = 5 N, rı = 1 m; Fz = 3 N and 
r2=2 m. The force which has the greater 
magnitude of the torque will produce the grea- 
ter rotatory action. 

The magnitude of torque due to Fi = nF; = 5 
NxI m= 5Nm 

The magnitude of torque duc to F2 = r2 R=3 
Nx2m = 6N m. 

Answer The force of magnitude 3 N and 
of force arm 2 m will produce greater rotatory 
action. 


EXAMPLE 6.6 On a horizontal metre rod 
pivoted at the 50 cm mark four forces are 
applied, two downward forces (7 N at the 40 
cm mark and 5 Nat the 70 cm mark) and 
two upward forces (10 N at 20 cm mark and 
4 N at the 90 cm mark). (i) Determine the total 
torque of these forces about the pivot. (ii) In 
which sense will the rod rotate if it is free to do 
so? 


10N 


FIG. 6.20 Resultant of torques. 


Solution (i) From Fig. 6.20, F4=10 N, 
ra= 0.3 m; Fe = 1N, rp =0.1m; Fe=5 N, 
re = 0.2 m; Fp = 4 N, ro = 0.4 m. 
sa = — Fa ra = —10 Nx0.3 m= — 3.0m, 
«p= + Fe ra = +7 NX0.i m= + 0.7 Nm, 
zc = — Fe re = —5 NX0.2 m = — 1.0 Nm, 
zp = + Fo rp = +4N X 0.4m = + 1.6 Nm, 
The total clockwise torque = tatte 


= —3.0N m—1.0 N m = —4.0 N m. 
The total anticlockwise torque = 


satw=+07Nm+16Nm 
=+4+2.3Nm. 
Hence, 
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the resultant torque = —4.0 Nm + 2.3 Nm 
=—i.7Nm. 


(ii) Since the resultant torque is negative, 
the rod will rotate clockwise about the pivot. 

Answer (i) The resultant torque is — 1.7 N m, 
and (ii) the rod will rotate clockwise around the 
pivot. 


EXAMPLE 6.7 Two equal and opposite forces 
of magnitude 5 N, are applied at two points 
perpendicular to the length of a metre rod. 
One of them is applied at the 0.9 m mark. 
(i) What is the distance between the two forces 
if the magnitude of the clockwise couple is 4 
Nm?. (ii) Find the directions of the two 
forces. 

Solution (i) C = magnitude of the couple = 
force X perpendicular distance between the two 
forces, or 


C=FI 
Given that F= 5 Nand C=4N m. Hence, 
4Nm=5N xX Jor 


4Nm 
Since one of the force is at the 0.9 m mark, the 
other force should be at the 0.1 m mark. (ii) 
Further as the couple is clockwise, the force at 
the 0.9m mark should be downward and the 
one at the 0.1 m mark would be upward. 


Answer (i) The distance between the two forces 
is 0.8 m. (ii) The first force (at 0.1 m mark) 
should act vertically upward, the second force 
(at 0.9m mark) should act vertically down- 
ward. 


EXAMPLE 6.8 A thin homogenous wooden 
plank is balanced at its midpoint. Two blocks 
of masses 2 kg and 4 kg are suspended on the 
wooden plank left of the pivot at distances 
of 0.1 m and 0.4 m from the pivot respectively. 
Find the position of a mass of 9 kg which can 
balance the plank horizontally about the pivot. 
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FIG. 6.21 


Rotational Equilibrium. 


Solution Let in Fig. 6.21, AB be the wooden 
plank pivoted at O. F, = weight of the block 
of mass 2kg = 2kgxg =2xg kg; rı = 0.1 m; 
Fz = weight of the block of mass 4 kg =4 
kgXg = 4Xg kg; rn = 0.4 m. 


1=Fyn=2xgkegx01 m 
= 0.2 X g kgm 

t2= Frn=4xg kg x 0.4m 
= 1.6 X gkgm 


Total anticlockwise torque = t, + 72. 


= 0.2 X g kg m + 1.6 xg kg m 
= 1.8 X g kg m. 


According to the law of rotational equilibrium 
the plank will be horizontal if a ciockwise tor- 
que of magnitude 1.8 X g kg m is applied on 
the plank. The block of mass 9 kg can pro- 
duce clockwise torque only if it is suspended 
right of the pivot. Let the distance of the block 
from the pivot be L. Then r; = L, F; = weight 
of the block of mass 9 kg = 9 kg x g=9xXg 
kg. 


3=—-9 xg x L kg. 


Magnitude of the clockwise torque = magnitude 


of the anticlockwise torque, or 
9xgx Lkg=18xgkgm 
L=0.2 m. 


Answer The given block of mass 9 kg should 
be suspended 0.2 m right of the pivot. 

Note In the solution, the units of force and 
torque are not same as those you have learnt 
earlier. The reason for this is that we have not 
substituted g = 9.8 m s~? If we use this then 
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the unit of force will be newton and that of 
torque Nm. However, it is not at all necessary 
to assume a value of g as it cancels out in the 
last expression. In many problems where mass 
is given it is not essential to assume a value of 
g. We advise that you should also avoid using 
the value of g unless it is required in the answer. 


EXAMPLE 6.9 A massless rod, one metre 
long, supports three masses 2.0 kg, 5.0 kg and 
1.0 kg at distances of 0.20 m, 0.70 m and 0.90 m 
from one end of the rod. Determine (i) the 
force acting at the centre of gravity and (ii) the 
position of the centre of gravity of the rod. 

Skg 


FIG. 6.22 Force at the centre of gravity. 


Solution W,=2kg X g= 2 X g kg, W2 = 
5 kgxg = 5xg kg, W3 = 1 kg X £= 1xg kg. 
(i) The force acting at 


CG = the algebraic sum of all the 
downward forces 
=W,+Wrt Ws 
=2xg kg+5X8 kg +1 
x g kg 
=8 xg kg=8 x 98 ms: 
= 78N. 


(ii) Let the distance of CG from the end A 
of the rod be L. We know that 
The sum of the mo- the moment of the 
ments ofallthe given force acting at the CG 
forces (ie. that of = (ie. that of Wi + Wa 
Wi, W2 and W3) -+ W3) at the same point 
about any point 
The sum of the moments of three forces Wi, 
W, and W; about 4 = —2xg kg X 0.2m 
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— 5 xgkgx0.7m—1 xg kg X 0.9 m = — 4.8 
x g kg m. 

The moment of the force acting at CG about 
A=-—8xgkgxL 


Hence, _ 8xg kgx L= 4.8xXg kgm, or 


4.8 
Ls m = 0.6m 


Answer (i) The downward force acting at 
the centre of gravity is 78 N and (ii) the centre 
of gravity of the system is 0.6 m from one end 
of the rod. 


EXAMPLE 6.10 One half of a homogenous 
rod is made of copper and the other half of 
steel. Where should one place the pivot to obtain : 
the balance? Take the weight of copper as 9N 
if that of steel is 8 N. ; 


Copper Steel 
EEE HY 
Ll4 Li 4 —m—Ll4 = 


FIG. 6.23 Determination of the centre of gravity of 
a rod made from two substances 


Solution The rod will be balanced when we 
place the pivot below the centre of gravity of 
the rod. Since each part of the rod is homoge- 
neous, the CG of each part will be at its geome- 
trical centre. Let the length of the rod PT be 
L. The weight of copper rod W, = 9 N acts 
downward at Q (PQ=QR= L/4), the geo- 
metrical centre of the copper part, and the 
weight of steel rod W,=8 N acts downward 
at S(RS = ST = L/4), at geometrical centre 
of the steel part. 

Let the CG of the whole rod be at Y, at a dis- 
tance y from the geometrical centre, R, of the 
whole rod PT. _ Then 


L ae 
oY=7-»SY=Gty 
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the moment of W, about Y 


L 


L 
=9x (4 Da ) N 
the moment of W2 about Y 


L 
--38nx(¢+y) 


L 
=-8x(z +y)N. 


In the equilibrium state, the sum of the 
moments of the forces about Y should be zero. 
Hence, 
L L a 
9x (4 — )n- sx(F +y )N=0 
OL 8L pe 
re = 9y = TA 8y =0 
L 
L 
si 


Answer The centre of gravity of the rod is 
ata distance L/68 from the geometrical centre 
of the rod towards the copper segment. 

Note Notice that y has no units in the above 
answer. This is so because the unit (metre) will 
appear when you substitute an actual value for 
L. Similarly, in Example 6.8, the unit of 73 is 
kg. This is so because L appears on the right- 
hand side of the expression for 73. 


EXAMPLE 6.11 From a square plate of side 

L a smaller square plate of side L/2 has been cut 

from one corner. Determine the centre of gravity 
of the remaining plate. 
a see C 

7 

‘Ss 


A B 


FIG. 6.24 
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Solution In Fig. 6.24, the square plate ABCD 
is of side L. The square plate PQRD of side 
L/2 is cut away from the original plate. We are 
asked to find the CG of the remaining plate 
ABCPQR. 


DB = V 4B + AD? = 


and 
bos og =t 24 


Let the weight of the original square plate 
ABCD be W which acts at the CG of the plate 
ABCD, i.c. at point Q, the geometrical centre 
of the original plate. Since the cut plate is one- 
fourth of the original plate, the weight of the cut 
plate PORD will be W/4 and it will act at the 
CG of the square PORD, i.e. at S, geometrical 
centre of PORD. 
WV 28 


DS = SQ =} DQ = Y= 


The weight of the remaining plate ABCPOR 
will be 3W/4. The figure ABCD is equivalent 
tu the two figures ABCPQR and PORD. The 
weight of the original plate acting at Q would, 
therefore, be at the CG of the two forces 
respectively of (i) W/4 of PORD acting at S and 
(ii) 3W/4 acting at the point to be determined. 

The weight of ABCPQR would lie on the line 
on which points S and Q lie, i.e. on the line 
DB. Letthe CG of ABCPQR be at point H 
and its distance be y (see Fig. 6.24). 

The total moment of the two forces W/4 and 


DE: 


3W/4 around Q should be zero. Hence, 
Tet Fx Mao 


Answer The centre of gravity of the remain- 
ing plate i is on the diagonal BD at a distance 
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Suggestion Take the CG of the remaining 
plate between Q and D and perform the calcu- 


tions. 


EXAMPLE 6.12 Three masses mı, m2and m3 are 
placed at the corners of a triangle of sides 5 m, 
5m and 8m. Determine the distance of the 
centre of gravity of the configuration from the 
corner opposite to the 8 m side when the three 
masses are equal. 


m 
(i) 
a mA D. 
B 


FIG: 6.25 


(iii) 
BS Dik iG 


Solution In Fig. 6.25 (i) the three masses mı, 
m2 and m; are placed at the three corners of the 
traingle ABC. Let m, = m2 = m3 = mM. The three 
downward forces acting at A, B and C are equal 
and are the weight of the mass m or F = m 8. 
Let us first find the CG of the two masses at 
A and B. The CG will lie on the line AB. Let the 
CG be at Data distance y; from A (see Fig. 
6.25). Then, taking the moment of the two 
forces acting at A and B around D, we get 


mg X yı — mg X (8m — vy) =0 
or y—8m+y=0 
or yı = 4m 


Hence, the CG of the two forces at Aand at B 
is at the mid point of AB. The force acting at 
CG is 2 mg. 

The CG of the forces at Dand C will lie on 
the line joining CD. Since AC = BC, the line 
joining C and D, i.e. CD will že at right angle to 
AB (ZCDA = 90°) [see Fig: 6.25 (iii)]. From 
the properties of the right-angled triangle, we get 

CD? = AC? — ADi = 25 m? — 16 m?, or 
CD = 3m. 


Let the CG of the two. forses mg and 2 mg at. 


D, be at E,a di fi” Ay  Then the 
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moments about C gives 
— mg X y2 + 2mg X (3m — y) = 0 
or —y2t+ 6m —2y2=0 
or y2 = 2m. 
Answer The centre of gravity of the confi- 


guration will be at a distance of 2 m from C on 
the bisector of the side AB towards D. 


EXAMPLE 6.13 Discuss the kind of equilibrium 
Fig. 6.26 (a) (i) and Fig. 6.26 (b) (i) will have 
(shaded portion is heavier than the unshaded 
portion). 


(bi) (b)(ii) 


FIG. 6.26 Kinds of equilibrium. 


Solution The CG of the sphere in Fig 6.26 
(a) (i) and Fig. 6.26 (a) (ii) lies on the vertical 
line AB somewhere in the heavier portion. 

Case I Let us rotate the sphere of Fig. 6.26 
(a) (i) slightly to obtain Fig. 6.26 (a) (ii). From 
Fig. 6.26 (a) (i) and (ii) we see that the CG in 
the rotated figure is ata higher level than the 
CG of the original figure. Since the CG is raised, 
the equilibrium is stable. 

Case II We see from the Fig 6.26 (b) (i) 
and (ii) that CG is lowered when we rotate 
the sphere. Hence, the equilibrium is unstable. 

Answer The equilibrium of Fig. 6.26 (a) (i) 
ic stable and that of Fig. 6.26 (b) (i) is unstable. 
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DB= 
DC= 


6.2 


6.3 


6.4 
6.5 


6.6 
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6.8 


6.9 


6.10 
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PROBLEMS 


Find the moment of the forces of magnitude F, = 
5N, F, =10N and F, = 15 N about the points 
Aand B as shown in Fig. 6.27. 


Wem AB=15cem 
10cm B =e 
Sern AC=20cm 2 
F, 
A B e 
| à F, 
F, (ii) 
FIG. 6.27 


A force of magnitude 10 N is applied vertically 
on 40 cm mark on a meter scale. Find the position 
of the reference point if the moment about the 
pointis 4Nm. 

Two forces of magnitude 8 N and 12 N act in the 
same direction on a body. Which force will be 
nearer to the reference point when the nonzero 
moments of these two forces about the given point 
are equal ? : 
In Fig. 6.27, which force has the greatest rotatory 
effect about (i) point A and (ii) about point B. 

In Fig. 6.4, determine the distance between the 
nut and the point of application of the force. 

A meter rod is held fixed at the 0 cm mark. A 
downward force of 6 N is applied at the 50 cm 
mark. Where, and in which direction, should a 
force of magnitude 8 N be applied if the total 
torque is (1) 2.6 N m and (ii) —9.4 N m ? 

In order to open a door 0.8 m wide, a torque of 
4.8 N m must be applied. Find the minimum 
force required to open the door, if it is applied 
(i) 80 cm from the line of the hinges; (ii) 20 cm 
from the line of the hinges. Assume that the force 
is applied perpendicular to the plane of the door. 


A couple of magnitude 10 N m is applied diame-. 


trically on the circumference of a circie of radius 
lm. Determine (i) the magnitude of the forces 
and their directions if the circle rotates anticlock- 
wise. 

In each of the following cases which pair forms 
the couple ? Determine the magnitude of the 
couple. (see Fig. 6.28). 

On a hanging pendulum a person applies a force 
of 200 N due west. What should be the magni- 


6.15 


6.16 


20N 


(b) 


(d) 2N 20N. (e) 20N (f) 


FIG. 6.28 


person such that no linear motion is produced in 
the pendulum ? 

A force of 10 N due east and another force of 
20 N due north are applied on a box. What other 
forces should be applied to obtain translational 
equilibrium ? 

Two boys pull a rope in opposite directions with 
forces of magnitude 40 N and 42 N, respectively. 
Will the rope remain stationary? 3 

A horizontal metre rod is in rotational equili- 
brium under the action of two downward forces 
about the 40 cm mark. One force of magnitude 
40 N acts at the 10 cm mark. What is the magni- 
tude of the other force acting at the 80 cm mark? 
In a game of see-saw, a boy of mass 20 kg sits 3 m 
to the left of the pivot. Another boy of mass 25 kg 
sits 2 m to the right of the pivot. Which side of 
the see-saw will touch the ground ? 

You may have heard the story of Sharavan 
Kumar, who carried his blind old parents on his 
shoulders in an atrangement somewhat like a comi- 
mon balance. The pivot was his shoulder. Let us 
assume that the rod. was 5m long, that the mass 
of Sharavan’s father was 75 kg and that of his 
mother was $0 kg. Find (/) the position of his 
shoulder for the condition of balance, and (ii) the 
total force acting on his shoulder. 

In a common balance, the fulcrum is 30.0 cm from 
the left pan and 31.0cm from the right pan. A 
body of mass 2000 g s placed in the left pan: 
What mass should be plated in the other pan to 
Obtain the balance 2. Wil the numbers be different 
on moor? $ 


tude and direction of the force applied by another 6.17 On a rod , “galance, a mass of 100 kg is suspen- 


D3 


MOMENTS AND EQUILIBRIUM 89 


619, 


(YO be 
(a) (b) (c) (d) 


ded 5 cm from the pivot. Where should the oth 6.21 Determine the centre of gravity of the shaded 
mass of 5 kg be suspended to balance the rod? portion of the following bodies. 
Suppose a man lies on the ground on his back. \ AB=BC 


He lifts one leg such that it makes an angle 60° to 
the horizontal direction, The weight of his leg, 98 
N, acts at a distance 0.36 m from the hip-joint. (i) 
Determine the torque about the hip-joint, and (ii) 
the force in the stomach muscles, with the force 
arm 0.10 m, which balances this torque. 

Discuss the kind of equilibrium the following 
figures will have. 


fb) 


(e) FIG. 6.31 
FIG. 6.29 


6.20 Determine (i) the CG of a horizontal leg relative 


to the foot, and (ii) bent leg CG relative to the 
CG of the upper leg. The position of CG of the 
lower leg and the thighs is shown in Fig. 6-30. 


A 


FIG. 6.30 Centre of gravity of a horizontal and 


bent leg. ja 


Fulcrum Fin 


Fout 


FIG. 7.1 Relationship between 
input force, output force, input 
arm, output arm and fulcrum. 


7 Simple Machines 


Man invented machines to assist him in doing work in a 
convenient manner. A machine is, in general, a complicated 
device having a large number of parts. Every machine differs 
from another one, but they have many things in common. The 
basic principle of a machine is a simple one. Most of the 
machines are in fact combinations of three basic kinds of 
machines (lever, pulley and inclined plane). In this chapter we 
will discuss concepts which are applicable to almost all the 
machines and then their applications to some simple machines 


7.1 BASIC CONCEPTS 


D.7.1 Machine A device by means of which a force applied at 
One point is transmitted to some other point to overcome an- 
other (external) force. 


D.7.2 Input Force (or Applied Force, or Effort) A measure of 
the force applied to the machine. 

1YPE OF QUANTITY Vector; but here treated as scalar, 

WRITTEN REPRESENTATION Fin or E 

SPECIFICATION The magnitude of the applied force. Measured 
in newton (N). 


D.7.3 Output Force (Load) A measure of the force which is. 
overcome by the machine. 

TYPE OF QUANTITY Vector; but here treated as scalar. 

WRITTEN REPRESENTATION Fow Or L 

SPECIFICATION The magnitude of the external force which is 
overcome by the effort. Measured in newton (N). 


D.7.4 Fulcrum (Pivot) The point at which a lever is supported 


and about which it turns. / 
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PICTORIAL REPRESENTATION ., A 
WRITTEN REPRESENTATION Ful 


D.7.5 Input Arm (Effort Arm) A measure of how far the point 
of application of the input force is from the fulcrum. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Tin 

SPECIFICATION The perpendicular distance between the line 
of application of the input force and the fulcrum. Measured in 
metre (in). 


D.7.6 Output Arm (Load Arm) A measure of how far the point 
of application of the output force is from the fulcrum. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Tout 

SPECIFICATION The perpendicular distance beween the line of 
application of the output force and the fulcrum. Measured in 
metre (m). 


D.7.7 Input Displacement The displacement of the point of 
application of the input force when a machine is operated. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Sin 

SPECIFICATION The distance moved by the input force. 
Measured in metre (m). 


D.7.8 Output Displacement The displacement of the point of 
application of the output force when a machine is operated. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Sout 

SPECIFICATION “The distance moved by the output force. 
Measured in metre (m). : 


D.7.9 Velocity Ratio A measure of the relative movement of 
the input force and the “Output force. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION V.R 

SPECIFICATION Ratio of the speed of the input force to the 
speed of the output force. No unit. 

MATHEMATICAL EXPRESSION 

speed of input force 
VR = SS 
speed of output force 
a input displacement/time 
= output displacement/same time 
__ input displacement_ _ _Sin_ (E7.1) 
output displacement Sour 
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FIG. 7.2 Input displacement 
and output displacement. 
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D.7.10 Mechanical Advantage A measure of how large a force 
can be overcome by a given input force by using a machine. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION M.A 

SPECIFICATION The ratio of the output force to the input 
force. No unit. 


MATHEMATICAL EXPRESSION 
output force Fout 


Metts input force TAA (E.7.2) 


RELATION BETWEEN MECHANICAL ADVANTAGE, INPUT ARM AND 
OUTPUT ARM In any machine, moving at constant speed, from 
the law of moments 

Moment of output _ Moment of input 


force about fulcrum force about fulcrum 


Foum row = Fin X rin, OT 


(E.7.3) 


Two cases of mechanical advantage arise 

case I Ideal Mechanical Advantage (IMA) When the machine 
is massless and the frictional forces are absent. Only Fj, and 
Fou are present. IMA is always equal to velocity ratio. 

CASE IL Actual Mechanical Advantage (AMA) The machine is 
not massless and frictional forces are present. One part of the 
input force is used in overcoming the weight of the machine 
and the frictional forces. AMA is always equal to Foul Fin. 


IMA = V.R, AMA = M.A, IMA > AMA. 


D.7.11 Work Output The work done by the output force. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Work output 

SPECIFICATION The product of the output force and the 
distance moved by it. Measured in joules (J). 

MATHEMATICAL EXPRESSION 


Work output = Fom X row 


D.7.12 Work Input The work done by the input force 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Work input 

SPECIFICATION The product of the input force and the dis- 
tance moved by it. Measured in joule (J). 

MATHEMATICAL EXPRESSION 


Work input: = Fin X rin 
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D.7.13 Efficiency A measure of how much of the energy suppli- 
ed to the machine is used in doing useful work. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION Eff 

SPECIFICATION The ratio of the useful work done by the 
machine to the total work input. It is expressed as a percentage 
and hence multiplied by 100. No unit. 

MATHEMATICAL EXPRESSION 


.__ _work output a 
Eff = “Wonkenute x 100% (E.7.4) 


7.2 MACHINES 


D.7.14 Ideal Machine A machine for which Eff = 100%. 

NoTE In the world no machine can be an ideal machine 
because frictional forces are always present and a physical 
machine can never be massless. Thus, some input work is always 
wasted in overcoming the frictional forces and the weight of the 
machine. Since work input = work output + loss of energy, 
work output/work input < 1. Therefore, for a real machine the 
efficiency is always less than 100% 

RELATION BETWEEN MECHANICAL ADVANTAGE AND VELOCITY 
RATIO. From the law of conservation of energy, 


work output = work input, 

Fom X Sour = Fin X Sin OF 
Eou at o MA, = VR oy ETD) 
Fin Sour 

Notes (i) E.7.5 is valid only for an ideal machine, 

(ii) This relation tells us that whatever is gained, in case of 
overcoming output force, is lost in speed. If a small input force 
is used in moving a large output force, then for a small output 
displacement, the input displacement must be much greater. 

RELATION BETWEEN MECHANICAL ADVANTAGE, VELOCITY RATIO 
AND EFFICIENCY 


-œ _ _work output_ o 
Ep work input x 100% 


K Fou X Sou o, 
w Fine X Sia Sin Z 100% 


Fom) Fin o, 

= O x 100% 

Stn] Sour i i 

‘ M.A 

Pee Esi ° E.7.6 
TR * 100% ( ) 


Since for actual machines, V.R =IMA and M.A = AMA, 


iy he 9 (E77 
Eff = IMA x 100% ) 
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Heel 


Achilles 


Gastrocnemius 
muscle 


tendon 


Type of Machine 


Lever 


REVISION IN PHYSICS 


7.3 BODY MECHANICS 


The concepts of machines devoloped in this chapter can be 
applied fruitfully to understand the mechanical functions of the 
human body. Some of the main features of body mechanics are 
as follows: 

(i) The bones act as levers operated by muscles. The fulcrum 
is at the joint of two bones. The input force is provided by the 
muscles, and the output force is usually the weight of the part 
of the body to be moved or an external weight to be lifted or 
shifted. For example, when your hand pulls a vertical spring 
downward with the upper-arm vertical and the forearm horizon- 
tal, the radius and the ulna act as levers and the ¢riceps provide 
the input force against the output force of the spring (Fig. 7. 23). 

(ii) Only two kinds of levers are posstble, of the first kind 
and of the third kind. For example, when you bend your knees 
and lift up a suitcase, your back-bone acts as first class lever 
about the hip joint (fulcrum). When you bend your arm and 
use it to lift up a weight by flexing your forearm, the ulna and 
the radius act as a third class lever about the elbow joint 
(fulcrum). 

(iii) All the movements in a body part take place because of 
the contraction of some muscle. When the lower arm is raised, 
the biceps contract, and when it is lowered, the triceps contract. 

(iv) The mechanical advantage of the lever is always much 
less than 1. Because of this, a slight contraction of the muscle 
can cause a large displacement of the body part. 

(v) In the body, we have the pulley-and-rope system as well. 
For example. when the lower leg is moved upward, the force 
produced in the quadriceps is transmitted to the lower leg via 
a rope-like structure, the tendon, which passes over a ‘pulley’, 
the knee cap (patella). 


TABLE 7.1 Machines and Their Characteristics 


Description of Machine Working Characteristics of Machine 
ae oe ee E, 
Fin Sout 
M.A=V.R 


A rigid bar which may be turned Lever turns only through small 
freely about a fulcrum 


angles, i.e. sj, and Sou are small. 
Not suitable for producing large 
load displacements. M.A = Frin/row 


SIMPLE MACHINES 


(a; an 
Fin Fout 
Lever of first kind. 
Fin 
(b) 
Fout 
Lever of second kind. 
Fin 
© Fow 


Lever of third kind. 
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(i) Plier 


(ii) Nail puller 


Sin 


(i) Wheel barrow 


Fin 


Sout ———PFout 


Fin! (i) Tong (ii) Knife. 


FIG. 7.4 The three kind of levers. 
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TABLE 7.1 Machines and Their Characteristics (Contd ). 


Type of Machine 


Wheel and axle 


Pulley 


Single fixed pulley 


Single moving pulley 


Block and tackle system 


Compound pulley 
system 


Inclined plane - 


Screw 


Description of Machine 


A wheel attached to an axle of 
small radius. Both wheel and axle 
turn about the same axis. 


A wheel with a grooved rim mov- 
ing about an axis passing through 
the centre of the wheel. 


A pulley. fixed rigidly to a support 
but free to rotate with a string 
moving on it. (A first kind of lever 
in action). 


A pulley suspended on a string 
passing round it and fixed rigidly 
at one end. The púlley moves as 
the string is pulled or relaxed. 


A combination of the moving and 
the fixed pulleys. A single string 
passes over all the pulleys. 


All the pulleys, except one are 
moving pulleys. Each pulley is 
joined to another pulley by a 
different string segment. 


A plane which makes an angle to 
the horizontal direction. 


An inclined plane wrapped on a 
cylinder. 


Working Characteristics of Machine 


ya Four eo Sart 
M.A = a KR: = ig 
M.A=V.R 
Sin = 2TR, Sou = 27r. 
M.A = Rjr>1 


The pulley changes the direction 
of the force with the help of the 
tension in the string. It can produce 
any amount of load displacement. 


Sour = Sim Fou = Fin, MA =.1. 


2Sout = Sins Fou = 2Fins M.A =2. 


Sin = NSour, Fou = NFin M.A =n, 
where n is the number of string 
strands which support the lower 
pulley block. 


Sin = on Souty Fout = 2" Fin, M.A 
= product of M.A of each pulley, 
for n moving pulleys = 2”. 


Sin = 1, Sont = h, M.A = — = 


sind > 1, since 0 < =< 


tl a 


Sin = 273R, Sout = p, MA = 


2TR 5 
3 ‘>-1, p=pitch of the screw. 
Fou: = weight of the screw. 


SIMPLE MACHINES 97 


Four (b)  Sin=Sout 


(a) 
wW M.A.=1 
FIG. 7.7 (a) Single fixed pulley. 
(b) In action it is a lever of the 
first kind having mechanical 
advantage equal to 1. 


Fin 
FIG. 7.5 (a) Wheel and axle. 


(b) In action it is equivalent toa 
lever of the first kind. 


FIG. 7.6 Pulley 


Fin Fin N 
g 
(b) | Fout 


(a) M.A.=2 (b) M.A.=3 


(c) M.A.=3 
FIG. 7.9 Block and tackle system. 


Fon W 
FIG. 7.11 An inclined plane. 


(a) 
FIG. 7.12 A screw. 
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Type of Machine 


Screw jack 


Steel yard 


Platform weighing 
machine 


EXAMPLE 7.1 


In a steam-engine, the pressure 


TABLE 7.1 Machines and Their Characteristics 


Description of Machine 


A screw device for lifting heavy 


loads. 2nR 


Four 
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Working Characteristics of Machine 


M.A = 


> V.R = een, 


Sour 


Sin = 2nR, Sou = P, M.A = 


ri >l, Fom = weight on the 


screw head. 


A lever of the first kind, with 
unequal input and output arms, 
the input arm being adjustable, 
used for weighing large masses. 


M.A >| 


A complex weighing machine 
having a lever of the first kind, 
with unequal input and output 
arms, and an adjustable input 
arm. 


SOLVED EXAMPLES 


of the steam moves the piston linearly by 22 cm. 
In the same time, the wheel of radius 35 cm 
attached to the piston completes half turn. 
Determine (i) the input displacement, (ii) the 
output displacement, and (iii) the velocity 
ratio. 


Piston 


FIG. 7.16 Principle ot an engine converting linear 
motion into circular motion. 


Solution Here the input force is provided by 
the steam pressure and the output force is the 
weight of the wheel. 

(i) sin =the input displacement = the dis- 
tance moved by the piston = 22 cm = 
0.22m. 

(ii) Sow = the output displacement = linear 
distance moved by the wheel = $ X circum- 
ference of the wheel = ™X35cm 


= 72 0.35 m = 1.1m 
(iii) V.R = velocity ratio = 2& = 0.22 m 
Sour l.lm 

= 0.2. 


Answer The input displacement, the output 
displacement, and the velocity ratio are 0.22 m, 
1.1 m and 0.2, respectively. 
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FIG. 7.13 Screw jack. 


EXAMPLE 7.2 In an ideal machine, an input 

force of 20 N overcomes an output force of 

100 N.What is the mechanical advantage? 
Solution Fin == 20 N, and Fou = 100 N. 


M.A = mechanical advantage 


= = § 


Answer The mechanical advantage of the 
machine is 5. 


EXAMPLE 7.3 A machine lifts a mass of 11.0 kg 

to a height of 10.0 m when an input force of 

27.5 N moves through a distance 50.0 m. Find 

(i) the mechanical advantage, (ii) the velocity 

ratio, and (iii) the efficiency of the machine. 
Solution Fin = 27.5 N; Fou = 11.0 kg x9.8 

m s-2 = 107.8 N, sin = 50 m, and Sou = 10m. 

Four _ 107.8N _ 3.9 


i M.A= = 
OMA Fin 27.5 N 
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FIG. 7.15 A platform weigh- 


ing machine. 
ji AE AE E 
(ii) Gps Sout i 10m =/50 
(iii) work input = Fin Sin = 27.5NX50m 
= 1375.J. 
work output = Fou X Sou = 107.8 N X 10m 
= 1078 J. 
__ work output oy — 10785 o 
ET = york input 100% = 5375 9% 100% 
= 78.4%. 


Answer The mechanical advantage, the velo- 
city ratio and the efficiency of the machine are 
3.9, 5.0 and 78.4% respectively. 


EXAMPLE 7.4 The handle of a hand-pump, 
which is used for drawing water from below 
the ground, isa lever of the first kind. The 
handle is gripped 50 cm away from the fulerum 
and a force of 30 N is applied. If the mechanical 
advantage of the handle is 5, determine (i) the 
force with which the piston is pulled, and 


100 


(ii) the distance of the piston rod from the 
fulcrum. (iii) How much will the hand move 
when the piston moves 15 cm vertically? Assume 
the lever to be an ideal machine. 


FIG. 7.17 A hand pump. 


Solution Fin = 30 N, rin = 50 cm = 0.50 m, 
M.A = 5, and Sou = 15 cm = 0,15 m. 


(i) The force with which the piston is pulled 
is Four. 
ou = M.AX Fin = 5X30 N = 150 N. 


(ii) Toni = Sa: 9 — = 0.1 m. 


(iii) Since the lever is an ideal machine, V.R 
= M.A. Hence, 
Sin = Sou. X M.A = 0.1mx5 = 0.5 m. 


Answer The force exterted on the piston is 
150 N. The piston rod is 0.1 m away from the 
fulcrum, and the hand moves 0.5 m. 


EXAMPLE 7,5 The steering-wheel of acar is a 
whee! and axle arrangement. The force applied 
tangentially to the wheel is transmitted to the 
axle. The radius of the wheel is 0.24 m and that 
of the axle 0.02 m. (i) What is the mechanical 
advantage of this system? (ii) What will be the 
output force, if the input force is 10 N? 

Solution R = 0.24 m, r = 0.02 m, and Fj, = 
10 N. In this machine the fulcrum is the centre 
of the wheel. Take the moment of F;n and Fou 
about the fulcrum. 

FinX R= Fou Xr, 

Fout R 0.24 m 
E a o O 
Fou = Fn X M.A = 20 N x12 = 240 N. 


Answer The mechanical advantage is 12, 
and the wheel will transmit a force of 240 N to 
the axle. 


= 12 
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EXAMPLE 7.6 A block and tackle system em- 
ploys one pulley in each block (Fig. 7.9(a)). 
An input force of 25 N moves the point of 
application through a distance 2.0 cm. Calculate 
(i) the distance moved by the load,'and (ii) the 
load for the cases when the system is (a) 100% 
efficient (b) 60% efficient. 
Solution Fin = 25.0 N and sin = 2.0 m. 
work input = Fin X Sin = 25 NX2m = 50J. 
(i) When the input force moves through 2 m, 
the string is pulled through 2 m. Consequently, 
each strand supporting the lower pulley must be 
pulled up by Sin/2 = 2m/2 = 1 m,Hence, 
Sou = 1m. 


This is independent of the efficiency of the pulley 
system. 

(ii) (a) 100% efficiency In this case, all the 
input work is used in lifting the load, hence, 
work output equals work input. We have, 


Fou X1m = 50 J, or 
Fout = SUNT 
lm 


(b) 60% efficiency In this case, only 60% of 


the input work is used in lifting the load. We 
have, i 


= 50N. 


pa (AE GAAN 
work output = 50 IX = 30J, 
FouX 1 m = 30 J, or 
Tous == 30 Nm_ = 30N. 
Im p 


Answer The load moves a distance 1 m. The 
load is 50 N when the system is 100%. efficient, 
and is 30 N when the system is 60% efficient. 


EXAMPLE 7.7 From a truck, a heavy container 
weighing 900 N is to be unloaded. A wooden 
plank of length 9 m is used as an inclined plane. 
A repe is attached to the box to lower it onto 
one end of the plank. The tension in the rope 
during the whole operation is 400 N. What is 
the height of the inclined plane if (i) no force 
of friction is present, and (ii) the inclined plane 
is 50% efficient? 

Solution Fou = weight of the box = 900 N, 


a 


E  08SeSeaeaaa_ 


SIMPLE MACHINES 


Fin = tension in the rope = 400 N, sin = length 
of the plank =9 m, and Sou = height of the 
plank = A? 
work input = Fin X Sin = 400 NX9 m 
= 3600 J, 
work output = Fout X Sou = 9000 Nxh 
= 9000XAN. 

(i) When no force of friction is present In this 
case, no energy is wasted and the work output 
equals the work input. Hence, 

900 xh N = 3600 J, or 


_ 3600 Nm _ 
h= 0N = 4m. 


Gi) When the plane is 50% efficient In this 
case, 50% of the input work is wasted. Hence, 


; 50 
work output = work input X 700 


= 3600 Jx0.5 = 1800 J, 
900 x4 N = 1800 J, or 
1800Nm _ 4 
900 N 


Answer The height of the inclined plane 
(i) when no force of friction is present, is 4m, 
and (ii) when it is 50% efficient, is 2 m. 


h= m. 


EXAMPLE 7.8 A screw jack used in lifting a 
car-chassis while replacing a punctured tyre has 
a screw of pitch 2.0 mm. It is provided with a 
handle of length 28 cm. What is the input force, 
if the load lifted is 440 kg? 

Solution p = 2 mm = 0.002 m, R = 28 cm = 
0.28 mand Fou = 440 kg X 9.8 m s? = 4312 N. 


2nR 22 


var = 282x xr = 880 


7 ~ 0.002 m 
Since in the statement of the problem, there is 
no mention of the efficiency, we assume that 
the machine is an ideal one. 
es Fou 
agi Fin 4 
Fou 4312 N _ 49N. 


Fin = 380 — 880 


M.A = V.R = 880 or 
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Answer The input force is 4.9 N. 

Suggestion Repeat this calculation by taking 
the screw jack to be 5% efficient which is more 
close to the reality. 


EXAMPLE 7.9 Let us consider the equilibrium 
of aman standing on one foot such that his heel 
does not touch the ground. In this position, a 
reaction of ground, W, equal to his weight of 
60 kg-wt, acts vertically upward at the toes 
which are in contact with the ground. He is able 
to maintain balance because of an upward force 
through the achilles tendon in the heel. There 
is another downward force acting on the tibia 
at the ankle joint. Determine (i) the force, T, 
in the achilles tendon, (ii) the force, F, in the 
tibia, and (iii) the mechanical advantage of the 
lever. 


FIG. 7.18 The forces which keep a person standing 
on the toe of one foot. 


Solution Here, the fulcrum of the lever is at 
the ankle joint. The input force is provided by 
the force in the achilles tendon and the output 
force is the reaction of the ground on the toes 
rin = 5 cm = 0,05 m, rou = 14 cm = 0.14 m 
and Fou = W = 60 kg-wt. 

(i) Since the foot is in rotational equili- 
brium, we have from the condition of rotational 
equilibrium (E. 6.7) 

the moment of T about the fulcrum 
= the moment of W about the fulcrum. 
Tx0.05m = Wx0.14 m, or 
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T= Wx0.14m_ _ 60 kg-wtx 0.14 m 
vis OO Semel on, 0.05 m 
= 168 kg-wt. 


(ii) From the condition of translational 
equilibrium (E. 6.6), we have 
F=T+W = 168 kg-wt + 60 kg-wt 


= 228 kg-wt. 

eas wi Fou sit w SS 60 kg-wt 

GH) Mare T T68 keWwt 
= 0.36. 


Answer (i) The force in the achilles tendon 
is 228 kg-wt, (ii) the force at the ankle joint is 
288 kg-wt, and (iii) the mechanical advantage 
of the lever is 0.36. 

NOTES (i) Take approximate distances from 
your own foot and perform the calculations. 

(ii) For a man standing on the toes of both 
the feet, the reaction at one foot will be W/2. 
Repeat the calculation for this case. 


EXAMPLE 7.10 The spinal column in the human 
body contains 24 bones called vertebrae, which 
are joined to each other by a disc-like structure. 
When a person bends over, the spinal column 
acts effectively like a lever having fulcrum at the 
sacrum (hip joint). The muscles of the back, 
which support the body in this position, can be 
replaced by a single muscle exerting a force T 
(Fig. 7.19). Calculate (i) the force, T, in the 
back muscles, and (ii) the force, F, at the hip 
joint for a person having a torso of mass 36.0 kg. 
(iii) What is the mechanical advantage of the 
lever? Given that sin 12° = 0.208, cos 12° 
= 0.978, and tan 2° 30’ = 0.042. 

Solution W = weight of the torso = 36.0 kg 
x98 m s~? = 352.8 N. From Fig. 7.19, we 
have 

Tx = T'cos 12°, T, = T sin 12°, Fx = F cos 0, 
and F, = F sin @. 

The body is in equilibrium. 
(i) From the condition of rotational equili- 
brium, we have 
the moment of T, about O . 
= the moment of W about O, 
T;XOR = WXOA, or 
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FIG, 7.19 Forces in the spine of a person who 


bends over, keeping back horizontal, and lifts a 
weight. 
Ty X0.6 m = 352.8 Nx0.5 m, or 
_ 352.8NxX0.5m _ 
tReet ey a a = 294.0 N. 
But T; = Tsin 12°, or 
A Ty __ 294N 
sin 12° 0.208 


= 1413.5 N ~ 1414 N. 


(ii) (a) From the condition of translational 
equilibrium, 


Fx = Tx = T cos 12° = 1414 N x 0.978 


= 1383 N. 

(b) Fy = W — T, = 352.8 N — 294.0 N 
= 58.8 N. 

F= VF} + F? = y/(1383 N)? + (58.8 NP 
= 1384 N. 
F, i 58.8N 
N IO SN 
ow tan @ F 1383 N 0.042, or 


6 = tan™! 0.042 = 2° 33’, 
(iii) M.A = F = AOTAN oy 


Answer (i) The tension in the muscle of the 
back is 1414 N, and (ii) the magnitude of the 
force at the pivot (the hip joint) is 1384 N, and 
it makes an angle 2° 30’ to the spinal column. 
(iii) The mechanical advantage of the lever is 4. 

Nore The force Tis very large. If a person 
while bending over holds a weight, say 200 N 
(weight of 20 kg mass), in his or her hand, 
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Tis about 2200 N. Such a large force can 
cause the rupture or the dislocation of the 
spinal discs. This injury (called the slipped disc 
syndrome) in turn creates a pressure on the 
neighbouring nerves and causes severe pain in 
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the back; it is safe to keep the back upright 
and to bend the knees with the feet close to- 
gether to reach down to lift an object (see 
Problem 7.37). 


PROBLEMS 


7.1 In the bicycle, when the foot moves the pedal 
through a circle of radius 19 cm once, the rear 
wheel of radius 35 cm also completes one rotation. 
Determine (i) the input displacement, (ii) the 
output displacement, and (iii) the velocity ratio of 
the cycle. 

7.2 A machine has a velocity ratio 10. How much will 
the input force move if the output force is dis- 
placed by 0.1 m? 

7.3 The distance moved by the effort ina lever is 1.5 
m. Determine the distance moved by the load if 


the velocity ratio of the lever is Be 


7.4 In a machine having a velocity ratio 0.4 the effort 


moves 9.00 cm every second. How much will the 
load move in 10 s? 

7.5 Find the mechanical advantage of a machine which 
lifts an object of weight 100 N using an input 
force of 10 N. 

if 


n 


of 6.5 lifts a load 20 N. What is the input force? 
7.7 What is the output force for a machine of MA 
0.25 which employs an input force of 20 N? 
When 1000 J of work is done on a machine, it 
lifts a massof 5-0 kg vertically through 10 m. What 
is the efficiency of the machine? 

7.9 Find the work done in lifting a load using a 30% 
efficient machine, when the energy supplied to the 
machine is 1000 J. 

7.10 The efficiency of a certain machine is 40%. An 


T: 


a 


input force of 100 N moves through a distance of 


1 mto lift a box of weight 100 N. By how much 
will the box move? 

7.11 A machine has a velocity ratio of 5.0. Using this 
machine, a person lifts a load of 4000 N through a 
distance of 2.0 m. If the efficiency of the machine 
is 50%, calculate (j) the work done by the man on 
the machine, (ii) the mechanical advantage, (iii) the 
input force, and (iv) the distance moved by the 
input force. 

7.12 A mechanic uses a wrench tc loosen a nut of radius 
3 mm. Calculate (i) the velocity ratio, and (ii) the 


A lever of first kind having a mechanical advantage 


mechanical advantage, if his hand is 12cm away 
from the centre of the nut. 

7.13 In a lever the point of application of the input 
force is 0.15 m from the fulcrum, and the point of 
application of the output force is 0.30 m away 
from the point of application of the input force. 
Determine (a) the input arm, (b) the output’ arm, 
and (c) mechanical advantage for (i) a lever of the 
first kind, and (ii) a lever of the second kind. 

7.14 A lever moves a weight 150 N through a height of 
0.3 m while the input force of 100 N moves 
through a distance of 0.6m. Find (i) the actual 
mechanical advantage, and (ii) the efficiency of 
the machine. 

7.15 In an ideal machine using the principle of the 
lever, the input arm is 0.2 m. An input force of 
10 N lifts a weight of 100 N. What kind of lever 
can this be? Find the output arm for each case. 

7.16 In Fig. 7.4(a) (i), the hand is placed 15 cm away 
from the fulcrum and the wire is 3 cm away from 

: the fulcrum. How much force is exerted on the 
wire when a 50 N force is applied by the hand? 
What is the mechanical advantage? 

7.17 Ina table knife we wish to produce a 200 N force 
at a point 10 cm away from the finger. The top of 
the handle is also 10 cm away from the finger, 
Fig. 7.4(c) (ii). Determine (i) the force exerted by 
the finger, and (ii) the mechanical advantage of the 
operation. 

7.18 A wheel and axle is used to lift a load of 1000 N 
using an effort of 100 N. What should be the 
radius of the axle, if the radius of the wheel is 
0.20 m? 

7.19 What is the velocity ratio for an arrangement of 
2 pulley blocks, each with 4 pulleys (block and 
tackle)? 

7.20 In a single fixed pulley the input force moves 
through a distance of 0.5 m. In the same time, the 
load moves a distance of 0.35 m. What is the 
efficiency of the system? 

7.21 In a block and tackle system the lower pulley 
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block is supported by five strands. Find the ideal 
mechanical advantage of the system. 

7.22 The velocity ratio of a block and tackle system 
is 3. How many strands of the string support the 
lower pulley block? 

7.23 In the pulley system of Fig..7.9(d), how large an 
input force would be required to lift an output 
force of 100 N if the efficiency of the system is 
80%? 

7.24 In the ideal pulley system of Fig. 7.10(a) how 
much will the load move if the input force moves 
through a distance of 1.00 m? 

7.25 The velocity ratio of a compound pulley system 
is 16. How many moving pulleys does this system 
have? 

7.26 A heavy load of weight 2000 N isto be raised 
from the ground level to a height of 2 m. A wood- 
en plank of length 5 m is used as an inclined 
plane. What is the input force acting parallel to 
the plane if the machine is 100% efficient? 

7.27 What is the slope (sine of the angle of inclination) 
of an inclined plane on which an effort of 100 N, 
Parallel to the inclined plane, moves a load of 
1000 N? 


7,28 An inclined plane has a slope of 1 in 12. What is > 


its mechanical advantage? 

7.29 A screw, of pitch, 0.5 mm, has a circular head of 
radius 4 cm. An input force of 30 N, when applied 
tangentially to the screw head, lifts a load of 300 
N. Determine (#) the mechanical advantage, (ii) the 
velocity ratio, and (iii) the efficiency of the screw. 

7.30 Ata service Station, the following observations 
for a mechanical car-jack were taken. The input 
force of 60 N moves 1.5 m and the jack moves 
3.0 mm. The specification of the jack informs us 
that it is 5% efficient. What is the mechanical 
advantage? How large is the load? 

7.31 A screw jack, used for lifting a car of weight 
98000 N, has a screw of pitch 1.0 mmanda 
handle of length 50.0 cm. If the efficiency is 4%, 
how much effort is required to lift the car? 

7.32 A screw jack of pitch 1.0 mm has a handle 0.50 m 
long. What is the efficiency of the jack, if an input 
force of 50 N lifts a load of 10 000 N? r 

7.33 When the human head is held erect, it is pivoted 
about the atlanto-occipital joint at the base of the 
skull. A downward force in the muscles attached 
behind the joint balances the weight of the head 

(see Fig. 7.20). For a normal adult, the weight of 
the head is about 40 N (mass about 4 kg). Deter- 
mine (i) the force F, at the Pivot, (ii) the tension 
in the muscle, and (iii) the mechanical advantage 
of the lever. 

7.34 When the arm is kept horizontal (Fig. 7.21) the 
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Atlanto-occiptal 
joint 


4, 
A Forces due to 


splenius muscle 


Scm 3cm 
FIG. 7.20 Forces keeping the head erect. 


force produced in the deltoid muscle keeps it in 
the horizontal position. Determine (i) the force 
F, and F, at the shoulder joint, and (ii) 7, tension 
in the deltoid muscle. (iii) By how much amount 
will the arm move if the muscle contracts by 
0.005 m. Given that the weight of the hand is 
about 70 N, sin 15° = 0.259 and cos 15° = 0,966. 


etloid 
Shoulder eae 
joint 
FIG. 7.21 


A force in the deltoid muscle keeps the 
hand horizontal. 


7.35 Consider the problem of holding a mass of 10 kg 
in the hand, such that the forearm remains hori- 
zontal (Fig. 7.22). The forearm bones, the radius 
and the ulna, act asa lever, pivoted at the elbow 
Joint. A force of 10 kg-wt acts at the palm verti- 
cally downward, which is balanced by an upward 
force in the-biceps. Find (i) the kind of lever the 
forearm is, (ii) the Output force, (iii) the force 
exerted by the biceps, (iv) the input force, (y) the 
force in the upper arm bone, (vi) the mechanical 
advantage, and (vii) the distance moved by the 
palm if the biceps contract by 1 cm. Neglect the 
mass of the forearm, 

7.36 Consider the case when a hand pulls a stiff spring 
downward (Fig. 7.23). Here the triceps muscle at 
the back of the upper arm Provides the input 
force. Determine (i) the force in the spring, (ii) the 
force in the upper arm bone, (iii) the mechanical 
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Humerus Biceps 


FIG. 7.22 Force diagram for forearm holding a 


weight. 


advantage, and (iv) the velocity ratio, (vy) How 
much must the triceps muscle contract to pull the 
spring down by 1 cm? 


Triceps 


dah 


1.4cm 14cm 


FIG. 7.23 Forces in the arm when a hand pulls a 
spring down. 


In Example 7.10, we have discussed a method of 
lifting a weight. A very large force is produced 
because the input arm is much smaller than the 
output arm (the distance of the weight of the torso 
from the fulcrum). The force in the muscle can be 
reduced considerably if one uses a method which 
makes the two force arms approximately equal. In 
this method, one flexes the knee, keeping the back 
vertical and lifts the weight. The weight in the 
hand and the force in the muscle acts almost verti- 
cally above the sacrum (the weight of the torso 
passes through the sacrum and, hence, it is not 
effective). The input and the output arms are 
approximately equal (see Fig. 7.24). Determine T 
and F. Since T is much less compared to that of 
the method of Example 7.10 one can lift a much 
larger load without causing any damage to the 
back-bone. 

One example of the pulley and the rope system in 
our body is that of the knee cap, the patella 
(which functions as a pulley) and a tendon (which 
acts as a rope) passing over it. The tendon trans- 


105 


Ww 
F x 
[a= lem 
360N 


FIG. 7.24 A correct way of lifting a weight. 


mits the force produced in the quadriceps to the 
lower leg and causes it to move. Determine (i) the 
force in the tendon when we keep the lower leg as 
shown in Fig. 7.25, and (ii) the mechanical advan- 
tage of the machine. 


6 kg-wt 


FIG. 7.25 


7.39 Once the famous Greek scientist Archimedes 


said, ‘Give me a lever long enough and something 
to rest it on, and I will lift the whole world’. Less 
ambitiously let us try to lift a heavy stone of mass 
30 kg, lying on the ground with the help of a long 
wooden plank, One end of the plank is placed 
below the stone. The plank then passes over a 
fixed support, which acts as a pivot. The pivot is 
100 cm away from the stone. When a force of 60 
N is applied the stone moves. (i) How far the 
applied force would be from the pivot? (ii) What 
is the mechanical advantage of the lever? 


Fig. 7.26 


Area of 
contact 


FIG. 8.1 Pressure is the ratio 
of the force normal to the sur- 
faces in contact and the actual 
area of contact. 


FIG, 8.2 The pressure is redu- 
ced by distributing the force over 
a large area. The large area of the 
finger bones reduce the pressure 
on the fragile tissues while lifting 
a heavy suitcase. 


8 Pressure in Liquids 


In some of the preceding chapters we have discussed force and 
some of its consequences. However, in many cases besides the 
force, the area over which force is applied is also an important 
factor. This is particularly true for liquids and gases. This 
chapter deals with the concept of pressure and some of its con- 
sequences, 


8.1 BASIC CONCEPTS 


D. 8.1 Pressure A measure of a force acting on a given area, 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION P 

SPECIFICATION The force acting perpendicularly to the area of 
contact per unit area. Measured in pascal (Pa). 

MATHEMATICAL EXPRESSION 

F 
P= 7 (E. 8.1) 

NoTE In many cases, pressure and not just the force is the 
important factor, For example, the bones of our fingers are flat; 
this increases the area on which the weight of a heavy object 
acts when we lift it up, which in turn decreases the pressure - on 
the tissues over the bones and prevents damage to the tissues. 
Similarly the feet of the mammals inhabiting the snowy regions 
of our planet are large and flat; this decreases the pressure due 
to their weight on soft snow, thus preventing them from danger- 
ously sinking into the ground. 

In other cases, a decrease of the area of application of a force 
is beneficial, since it appropriately increases ‘the pressure, For 
example, the needle of a syringe used for injections as well as 
the blade: of a knife used in the kitchen, require a small force 
to produce a large pressure, since the area of application in each 
of them is so small. 
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D. 8.2 Pascal The derived SI unit of pressure. 


x IN 
WRITTEN REPRESENTATION Pa 
SPECIFICATION ‘The pressure when a force of one newton acts 
normally on an area of one squared metre. % 
t ~ 
MATHEMATICAL EXPRESSION = 
m 
i aa l newton 
1 metre x | metre FIG. 8.3 Unit of pressure. One 
=1Nm? =) kg m-'s-2. pascal is the pressure when a force 


of one newton acts normally on 
NoTE See note on mercury column under D.8.3. an area of one metre squared. 
D. 8.3 Fluid Pressure The pressure exerted by the weight of 
a column of fluid. 

WRITTEN REPRESENTATION P 

SPECIFICATION The weight of a fluid column acting perpendi- 
| cularly upon unit area. Measured in pascal (Pa). 

MATHEMATICAL EXPRESSION 


V = volume of = area of the base of the fluid column x the 
the fluid height of the fluid column 
AxXh 


m = mass of the fluid = Vp = AXhXp, 
W = weight of the fluid = mxg = AXhxXeXg, 
p= Le gs hog (E. 8.2) 
| A FIG. 8.4 The pressure due to a 
Notes (i) The term ‘fluid’ is the name for both gases and liquid of density p and of a 
liquids. cotumn of height A is gg. 


(ii) Liquid pressure provides a useful common unit for pre- 
ssure, which is ‘millimetres of mercury’. This unit is defined in 
terms of the height of a mercury column; the fixed standard is 
760 mm Hg which denotes a pressure of 101 325 Pa. See D. 8.5 
for details. For example, P = 740 mm Hg means pressure due 
to a mercury (chemical symbol Hg) column of height 740 milli- 
metre. P= 740 mm Hg = 0.74 mX 13 600 kg m7? x 9.8 ms 
= 0.74 13 6009.8 kg m7's~? = 98 627.2 Pa. 


tv) 


G) X 


FIG. §.5 Six properties of hquid pressure. (i) The pressure is same at aur points at the same depth 
(ii) The pressure due to a liquid at a point depends only on the height of the liquid above it. j (iii) The pres: 
sure increases with the depth of the liquid. (ix) For a liquid at rest, the pressure at a point inside the liquid is 
same in all the directions. (1) The pressure cue to a liquid on the walls of the container 1s always perpendicular 
to the walls. (vi) The pressure increases with the density of the liquid. A column of mercury will exert greater 
pressure than a column of water of the same height. 


PRS eines se -= = 
oy 
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D. 8.4 Atmospheric Pressure The pressure due to the weight 


‘h Steam of the gases and gaseous material which makes up the atmos- 
Thin-walled phere around us. 
metal can WRITTEN REPRESENTATION P4 


SPECIFICATION Ata given place, the atmospheric pressure is 
Metal can collapses due to the weight of the column of air above the area of applica- 
on cooling tion (up to the ‘top’ of the earth’s atmosphere). At sea level, the 


| height of the air column, and hence the atmospheric pressure, 
= is maximum. At any height above sea-level, whether on a moun- 
7 = tain or in an aeroplane, the air column, and hence the atmos- 
D = pheric pressure is lesser. 
(a) 3 Barometer 
z Mountain peak 
= £ 
E 
Partial 2 
cm | a 
Y | vacuum g 
E R 
£9 0 
(iy) °S (iv) 5: 240) 15-20 Sea level 
S, (b) Height (km) (c) 
N 


FIG. 8.6 (a) Existence of air pressure. (i) A thin-walled metal can half filled with water is heated until the 
water boils and expels almost all the air from the can. Ww) The atmospheric pressure on the outside 
wall equals the air-+steam pressure on the inside wall. The net force on the walls is zero. (iii) Put the 
lid on the can and pour cola water on it. The can collapses. (iy) When cold water is poured most of the 
steam suddenly condenses creating partial vacuum inside the can. The inside pressure on the wais ot the 
can becomes much smaller than the outside atmospheric pressure. Consequently there is a net torce on 


the wall of the can which detorms the can’ (b) The variation of the atmospheric pressure with. height 
avove sea ievel. 


'D. 8.5 One Atmosphere The pressure which supports a column 
or mercury /60 mm high at 0°C at sea level and latitude 45”. 
Alternatively, the atmospheric pressure at 0°C at sea level and 
latitude 45°. 

TYPE OF QUANTITY , Unit of pressure. 

MAGNITUDE 101 325 Pa; taken to be 105 Pa in this book. 

NOTE One atmosphere is indeed a large pressure. Ve do not 
feel it because the blood inside our body exerts a slightly greater 
pressure. Because of the almost equal external and internal 
pressures, we are able to retain our physical shape. 

RELATION BETWEEN CHANGING ATMOSPHERIC PRESSURE AND 
WEATHER (i) Since water vapour is lighter than air its presence 
in the atmosphere decreases the density of air. The content of 
water vapour in air increases considerably just before a shower 
of rain. This in turn lowers the atmospheric pressure. Thus, the 
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slow and continuous decrease of the height of mercury in a 
simple barometer is indicative of imminent rain. 

(ii) The gradual rise of mercury in a barometer implies a 
decrease of the proportion of water vapour in the atmosphere, 
which is associated with fair weather. 

(iii) When the atmospheric pressure in one place decreases 
suddenly, the pressure in the surrounding region becomes com- 
paratively higher. Therefore, air rushes into the low-pressure 
area from the high-pressure area, creating stormy weather. 
Hence, a sudden fall of the mercury in a barometer indicates an 
incoming storm. 


D. 8.6 Zero Pressure The pressure in a given region of space 
when all the fluid, which is the source of pressure, has been 
removed from that region. 

nores (i) The perfect vacuum has zero pressure. Since moon 
does not have any atmosphere, the pressure is zero. Inter- 
planetary space also has zero pressure. 

(ii) In the laboratories, so far researchers have not been able 
to produce zero pressure. 


D. 8.7 Gauge Pressure The pressure measured with respect to 
the atmospheric pressure. 


D. 8.8 Absolute Pressure The pressure measured with respect. 


to zero pressure. 
RELATION BETWEEN GAUGE PRESSURE, ABSOLUTE PRESSURE AND 
ATMOSPHERIC PRESSURE 


Atmospheric pressure + 


(E. 8.3) 
Gauge pressure ahs 


Absolute pressure = 
Law 9: Pascat’s LAw 
The pressure applied anywhere to an enclosed body of fluid 
is transmitted equally in all directions, and acts perpendi- 
cularly upon every portion of the surfaces of the container 
in contact with the fluid. 


8.2 MEASUREMENT OF PRESSURE 


There are many methods which can be used for the measure- 
ment of fluid pressure. An instrument which measures the 
atmospheric pressure is called a barometer, whereas an instru- 
ment which measures any gaseous pressure is called a manometer. 
Here we shall briefly discuss the construction, working principle 
and uses of the two basic types of barometers and of mano- 
meters. 


+ 


(a) SIMPLE BAROMETER 
It uses a liquid (invariably mercury, because it has the maxi- 
mum density among liquids), which forms a column supported 
by atmospheric pressure. 
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acuum 


(a) (b) 


(c) pressure 
FIG. 8.7 (a) Absolute pressure 
(b) Zero pressure (c) Absolute 
and gauge pressure. 


FIG. 8.8 Pascal's law. A 
cylinder fitted with a piston and 
a glass bulb with holes of uniform 
size is filled with water. When the 
piston is pushed into the cylinder, 
the water squirts out equally from 
all the holes. This can happen 
only when the pressure applied by 
the piston on the water is trans- 
mitted equally throughout the 
water. y 


FIG. 5.9 Construction of a 
simple barometer. (a) A glass tube 
about 1m long is completely filled 
with mercury. (b) The open end 
of the tube is closed by thumb. 
(c) The tube is inverted into a 
mercury reservoir without remo- 
ving the thumb. (d) When the 
thumb is removed, some mercury 
from the glass tube falls into the 
reservoir. The height of the mer- 
cury column measured from the 
mercury level in the reservoir gives 
the atmospheric pressure. 


Dial to read pressure 


i Pressure 
chamber 


bellows 


FIG, 8.10 Aneroid barometer. 
It has a partially evacuated bellow 
with flexible walls. When gas is 
allowed to flow near the box, the 
pressure of the gas either com- 
presses or enlarges the bellow. 
The movement of the top of the 
bellow is transmitted through a 
spring to a needle which moves 
over a dial calibrated to read pres- 
sure. This instrument measures 
only the gauge pressure. 


Evacuated 
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CONSTRUCTION See Fig. 8.9. 

ADVANTAGES (i) The simple barometer is easy to set up. 

(ii) It measures absolute pressure. 

LIMITATIONS (i) It has a least count of 133 Pa, hence its 
accuracy is severely limited. 

(ii) It is not easy to carry it from one place to another, and is 
not convenient to handle. 

NOTE The space above the mercury level is known as 
forricellian vacuum. It is not a perfect vacuum and contain soine 
mercury vapours. 


(b) ANEROID BAROMETER 
An instrument for measuring pressure without the use of a 
‘iquid. 

CONSTRUCTION See Fig. 8.10. 

ADVANTAGES (i) It is suitable for measuring changes in 
pressure. 

(ii) It can be easily carried from one place to another and is 
convenient to handle. 

LIMITATION It measures only the gauge pressure. 
(c) MANOMETER 


An instrument for measuring gaseous pressure other than 
atmospheric pressure. 

CONSTRUCTION See Fig. 8.11. 

WORKING PRINCIPLE When one end of the tube is joined to 


the gas chamber two cases arise : 


CASE I Gas pressure CASE Il Gas pressure 
less than atmospheric ` more than atmospheric 
pressure, Fig. 8.12(a). pressure, Fig. 8.12(d). 
>pressure in arm A < pressure in arm A 


Pressure in arm B 


Pressure at point gas pressure + pre- 
ssure of liquid colu- 


mn of height h 


gas pressure 


Pressure at point atmospheric pre- atmospheric pressure 


D ssure (P4) +pressure of liquid 
column of height 4 

Gas pressure P4— gh Pa + egh 

Gauge pressure pgh egh 


ADVANTAGES (i) It is easy to handle. 

(ii) It is inexpensive. 

(iii) It can be used for measuring large as well as small 
pressures, 

(iv) It normally contains water as the measuring liquid; for 
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Atmosoneric 
pressure 


Atmospheric 


(a) 


FIG. 8.12 Measurements with manometers 


greater accuracy, the water can be easily replaced by a lighter 
liquid like xylol. 


8.3 APPLICATIONS 


In this section we will discuss three machines in which the 
transmission of pressure in Jiquids according to Pascal’s law is 
utilized to gain mechanieal advantage. 7 


(a) HYDRAULIC PRESS 
This is a device which is used to compress materials during 
manufacture and packing. 

cConstRUCTION See Fig. 8.13. 

WORKING PRINCIPLE It works on the principle of transmission 
of pressure according to the Pascal’s Law. 


Fin 


| Input piston A 


FIG. 8.13 (c) Principle of hydraulic press. The force is applied b 
input pressure (input force divided by the area of 


accordance with Pascal's law. Because of the large radius of the output pi 


the output piston: (b) An actual hydraulic press. 
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Atmospheric 
pressure 


Water 

FIG. 8.11 A manometer. Ít is & 
U-shaped glass tube. One end is 
always open to the atmosphere 
and the other end is connected to 
the gas supply. The liquid in the 
tube is usually water. It measures 
only gauge pressure. 


y the input piston A on the water. The 
the input piston) is transmitted to the output piston B in 


iston the input force is amplified at 
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MATHEMATICAL EXPRESSION 
i Fin 
aah ee ea aa 
iu cross-section area of piston A 
_ Fin 
nr? 
i Fi 
Pressure on piston B = P= 5 
nr? 


Fou = pressure on piston BXarea of cross-section of 


piston B 
ween piesa TAA 
= =) mre ‘i er 
2 
MA ee E (E. 8.4) 
Ein r? 
A 
$ Sin Fonu r3 
V.R = — = aR 28N. 
R Sout Fin p2 E 8 ) 


-The Sour is much smaller than s;,. An actual press is shown in 
Fig. 8.13. In order to obtain M.A. of whole press, E.8.4 must 
be multiplied by M.A. of the pump handle. 


to other wheels 


Master cylinder: 
Wheel Cylinder 


FIG. 8.14 Hydraulic brake. (a) When the foot pedal is pressed, the piston in the master cylinder exerts a 
pressure on the. fluid. This pressure is transmitted equally throughout the fluid and it exerts a force on the 
pistons in the wheel cylinder. This force is such that the pistons move outward expanding the brake shoe 
which in turn is fixed firmly inside the rotating wheel, stopping its rotatory motion. When the foot edal is 
released. the return spring forces the wheel pistons back into the cylinder and the fluid is Pushed aig to the 


master cylinder. (b) An arrangement of controlling four wheel brakes by a single pedal. 


(b) HYDRAULIC BRAKES 
This isa device used to bringa moving part of a mechanical 
system to a stop when required. 

In this kind of braking system, an equal force can be trans- 
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mitted to more than one wheel by the master cylinder. The 
braking effort on all the wheels is equal and when the foot is 
removed from the pedal, all the wheels are released simultane- 


ously. 


CONSTRUCTION — sec Fig. 8.14 


(c) HYDRAULIC JACK 


This is a device used to lift up heavy objects. It is similar to 


the hydraulic press in principle. 
CONSTRUCTION See Fig: 8.15. 
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FIG. 8.15 A hydraulic jack. It 
is similar to the hydraulic press. 
Here instead of pressing the mate- 
rial, the car is lifted by the use of 
a small force. 


SOLVED EXAMPLES 


EXAMPLE 8.! Normally for a standing man the 
area of one shoe in contact with the ground is 
about 2.40 x 10-3 m2. Find the pressure on 
the surface of contact if the mass of the man 
1s 60.0 kg and he is standing on one foot. 
Solution F -= weight of the man = 60.0 kg 
x 9.8m s`! = 588 N, and A = 2.40 x 10° 


P= Fe st en OO ; 
A 2.40 x 10° m2 
= 2.45 x 105 N m~? = 2.45 X 105 Pa. 


Answer The pressure on the ground will be 
2.45 x 105 Pa. 

Suggestion You can also determine the area 
of contact of your shoe with the ground. Take 
a sheet of graph paper, place your shoe on it 
and trace its outline. Now count the squares. It 
will give a rough estimate óf the area. Repeat 
the above calculation using your own mass 


EXAMPLE 8.2 A square plate of side 200 cm 
‘rests on a inclined plane, inclined to the hori- 
zontal at 60°, Find the pressure exerted by the 
plate on the inclined plane surface if the weight 
of the plate is 200 N. 

Solution A = 0.2 m X 0.2m = 0.04 m?, In 
this case (Fig. 8.16), the force due to the mass 
of the plate is not perpendicular to the surface 


QD 


-FIG. 8.16 Example 8.2 


of the inclined plane. To calculate the pressure 
on the plane we have to determine the com- 
ponent of the weight perpendicular to it. Thus, 
F = W cos 60° = 200 N X $= 100 N. 
F OON  _ 
Answer The pressure exerted by the metal 
plate on the inclined plane is 2500 Pa. 


EXAMPLE 8.3 Determine the total force on a 
swimmer’s chest, of area 0.093 m?, due to the 
column of water at a depth of 4.0 m below in 
a swimming pool. 

Solution A = 0.093 m? h= 4 m, and 
ə = density of water = 1000 kg m~?. Pressure 
due to the water column of height h = p g h. 
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P = 1000 kg m° x 9.8ms? X 4m 
= 39 200 Pa. 

F = P X A= 39 200 Pa x 0.093 m? 
= 3646 N = 3.6 x 10 N 


Answer The pressure on the swimmer’s chest, 
due to the water column is 3.6 x 10° N 


ExampLe 8.4 A cubical box of side 200 cm 
is fitted at one corner with a tube of cubical 
cross-section of side 100 cm. If the height of 
water level in the tube is 100 cm, determine the 
force on the faces (i) ABCD a) PFGHRỌ, and 
(iii) ADHE. 


FIG. 8.17 Example 8.4 


Solution Force on any face = pressure on 
the face x area ofthe face. Pressure = p g X 
height of the water column on the face. pg = 
1000 kg m™ x 9.8 ms? = 9800 kg m~? s72, 

(i) Area of the face ABCD = 2m X 2 m= 
4m, P= pg h = 9800kg m? s~? (2 m + 1m) 

= 29 400 Pa 


F = 29 400 Pa X 4m? = i17 600. 
= 1.2 x ION 


(ii) Area of the face PFGHRQ = area of 
the face EFGH — base area of the tube EPOR 
= 4m? — 1 m2? = 3 m2, 
P = 9800 kg m~? s72? x 1 m = 9800 Pa. 
F = 9800 Pa xX 3 m? = 29 400N 
= 2,94 X 104N 


(iii) Average pressure on the face ADHE = 
eg X distance of the centre of gravity of the face 
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ADHE from the free water surface 


Soe 2m) 


= 19 600 Pa. 
F = 19 600 Pa X 2 m? = 39 200 N 
= 3.92 x 10N 


Answer The force on the bottom face, the 
top face, and the vertical face is 1.2 x 105 N, 
2.9X 10* N, and 3.9 x 104 N, respectively. 


= $800 kg m`? s? x ( 


EXAMPLE 8.5 At a certain place, the atmos- 
pheric pressure is 79 968 Pa. What will be the 
height of the mercury column in a barometer 
at this place ? 

Solution P = 79 968 Pa = 79 968 kg m“! 
s~, and p = density of mercury = 13 600 kg 
m 

P=ogh, or 
Ie 79 968 kg m`! s~2 
13 600 kg m~ x 9.8ms7? 

Answer The height of the mercury column 

will be 0.6 m. 
EXAMPLE 8.6 In a water manometer, the 
water-level in the arm open to the atmosphere 
is 6.80 cm above the water level in the other 
arm. What is (i) the gauge pressure, and (ii) 
the absolute pressure ? (iii) What would be 
the difference in the two levels if mercury 
is used instead of water in the manometer ? 
Given that the atmospheric pressure is 100 000 
Pa. 

Solution wa = 1000 kg m™, emer = 13 600 
kg m™, and h = 6.8 cm = 0.068 m. 

(i) Gauge pressure = ova g h 

= 1000 kg m=? x 9.8 m 
s? x 0.068 m 
= 666.4 Pa. 

(ii) Since the water in the open arm is at a 
higher level than that in the other arm, gas 
pressure is more than the atmospheric pressure. 
Hence, 

Absolute gas pressure = gauge pressure + 


atmospheric pressure 
= 666.4 Pa + 100 000 Pa = 100 666 Pa. 


= 0.6 m. 


—————————————— 
n 
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(iii) If now h is the difference in two levels 
when mercury is used, Pmer 4 should be equal 
to the gauge pressure. Hence, 


Omer g h = 666.4 Pa, or 


A 666.4 Pa 666.4 kg m7! s 2 
_ Mtia L oe 
Omer g 13 600 kg m= x 9.8 m sê 


= 0.005 m 
Answer The gauge and the absolute pressures 
of the gas are 666.4 Pa and 100 666 Pa, respec- 
tively. The difference in the two levels will be 
0.005 m if mercury is used in the manometer. 


EXAMpLt 8.7 A hydraulic press has an input 
piston of diameter 1.0 cm and an output piston 
of diameter 1.2 cm. The input force is 220 N. 
Determine (i) the mechanical advantage, (ii) the 
input pressure, (iii) the output pressure, and 
(iv) the output force of the press. 

Solution r = 1 cm/2 = 0.005 m, R = 12 
cm/2 = 0.05 m, and Fi, = 220 N. 

(i) Mechanical advantage 

R2 (0.06 m}? 


= p Ti 
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(ii) Input, pressure = pee SES (ae 
area of the input piston 
2200N _ _7 y _220N 
zr? 22 (0,005 m)? 
= 2.8 x 10° Pa. 


(iii) Output pressure = pressure on the out- 
put piston. According to Pascal's law, the 
pressure applied by the input piston is transmit- 
ted without change to the output piston. Hence, 


Output pressure = input pressure 
f = 2.8 x 10° Pa. 
(iv) Output force = output pressure ~ area 
of the output piston 


22 
GFF x (0.06 m)? 


= 31 680 N = 3.2 x 10*N 


= 2.8 x 10° Pa x 


Answer The mechanical advantage of the 
press is 144. The input pressure and the output 
pressure are equal and have the magnitude 
2.8 x 10° Pa. The total force on the output 
piston is 3.2 x 10*N. 


PROBLEMS 


8.1 The tip of an injection-needle has a very small 
area of cross-section so that it creates a large 
pressure when a small force is applied to insert 
the needle into the body. Suppose that the needle 
pierces the skin at a pressure of 10° Pa, Find the 
area of cross-section of the needle if the applied 

force is 3 N. 

The tip of a record-player needle is a circle of 

radius 107! m. What will be the pressure on the 

record if the force on the needle is 1 N ? 

8.3 A metal plate of mass 10 kg, and of square cross- 
section with a side of 10 cm, is placed ona 
table. (7) Determine the pressure exerted by the 
plate on the table. (ii) What would be the 
p-essure if a vertical force of 12 N acts (a) down- 
ward, and (b) upward on the plate ? ' 

8.4 Determine the force required to produce a 

10 Pa on the tip of a thumb-tack in 


8.2 


pressure of 


contact with a drawing-b sacd, if the area of 
cross-section cf the tip is 3 x 107° mê. 

8.5 Fora scooter of mass 110 kg, the recommended 
rear-wheel! pressure is 30 1b in™? (2.0 x 105 Pa). 
Determine the area of each tyre in contact with 
the ground, assuming that the front wheel also 
has the same pressure. 

Hint The weight acting on each tyre is half the 
weight of the scooter.) 

8.6 A rectangular brick of mass 10 kg has sides 20 

cm, 5cm, and 4 cm. Determine the maximum 
pressure which it can exert ona level surface. 

(i) At what depth in water would the water pres- 

sure be equal to the normal atmospheric pres- 

sure? (ii) What is the absolute pressure at this 

depth ? 2 

8.3 Calculate the difference in blood-pressure bet- 
ween the head and: the feet of a person of height 


8.7 
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1.8m. assuming the density of blood to be 1950 


< kgm. 


8,9 


8.10 


8.11 


8.12 


8.13 


8.14 


8.15 


8.16 


8.17 


The pressure due to a column of oil of density 
800 kg m`? is 9408 Pa. What is the height of the 
oil-column ? 
Determine the pressure due to a column of olive 
oil of height 2.2m. The density of the oil being 
900 kg m™*. 
A swimming pool of length 15 m, width 8 m, and 
depth 2 m is filled with water. Find the total 
force acting on the floor and on the vertical sides 
of the pool due to the water. 
in New Delhi, water for domestic use is to be 
supplied to the top floor of a building of height 
50 m: What should be the minimum pressure of 
water at the bottom of the building ? 
The gauge-pressure of the water line is 2.4 x 10° 
Pa. A hole is made in this line. How high will 
the fountain of water rise ? 
The heights of two dams, A and B, are the same 
but the lake of dam A holds twice as much water 
as the lake of dam B. What is the ratio of total 
force acting on dam A to the total force acting 
on dam B? Explain. 
What is the atmospheric pressure if the height of 
the mercury column in the barometer is 70 cm ? 
Torricelli first constructed the mercury barometer 
and Pascal soon after made a water barometer. 
What is the height of the water column in the 
-water barometer on a day when the height of the 
mercury column in the mercury barometer is 
740 mm ? ` 
What would be the reading of a barometer using 
oil of density 900 kg m~? when the mércury baro- 


8.18 


8.19 


8.20 


8.21 


8.22 


8.23 


8.24 
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meter reads 73 cm ? 

A gas container is joined to a manometer having 
a liquid of density 800 kg m~’. Determine the 
difference in the height of liquid in the two arms 
if (i) the gauge-pressure of the gas is 100 019.6 
Pa. 

In a manometer, xylene of density 880 kg m™® is 
used. If the difference between the two levels is 
30.0 mm and the level in the arm connected to 
the gas is higher, determine (i) the gauge-pressure, 
and (ii) the absolute pressure of the gas. 

A dam is 100 m long and 40 m high. Determine 
the total force on the vertical wallof the dam if 
water rises to its full height. 

In a hydraulic press, what should be the pressure 
exerted bv the input piston to produce a force of 
10000 N at an output piston of area 107? m?? 


A hydraulic press has an output piston of radius 
2.8 cm and an input piston of radius 0.40 cm, (i) 
What is the mechanical advantage ? (ii) How 
large an input force will produce an output force 
of 98000 N? (iii) If the input piston moves 
through 49 cm, how much will the output piston 
move ? 


In a hydraulic jack, the input piston has an area 
10°' m? and the output piston has an area 1074 
mê. An input force of 5 N raises a load of 20 N. 
Determine (i) the ideal mechanical advantage, (ii) 
the actual mechanical advantage, and (iii) the 
efficiency of the jack. 

The piston of a hydraulic jack has a radius 0.20 
m. What pressure is required to lift a car of 
weight 11 000 N ? 


9 Flotation and Archimedes’ 
Principle 


9.1 BASIC CONCEPTS 


The study of floating bodies involves concepts related to those 
in the study of materials. Most of these concepts are obtained 
from experimental work, and are chiefly used in applications of 
physics. 


D.9.1 Fluid The collective term applied to all liquids, gases and 
materials in the molten state. 


D.9.2 Immersion (of a solid body in a fluid) A solid body is said 
to be immersed in a fluid when it is either partially or completely 
surrounded by and in surface contact with the fluid. 

EXAMPLES See Fig. 9.1. 


NOTE On earth everything is immersed in a fuid (air) 


D.9.3 Displaced Fluid The fluid which would occupy the volume 
occupied by the immersed part of a solid body. 
EXAMPLE See Fig, 9.2. 


- D.9.4 Weight in Air (of a solid body) The weight of a solid body 
as measured in air. 

WRITTEN REPRESENTATION Wair 

NOTES (i) The weight in air of a solid is usually just called 
its ‘weight’; it is the same quantity as defined in D.4.11 

(ii) The weight in air is different from the weight of the solid 
in some other fluid. Hence, in this discussion, we shall use 
‘weight in air’ as distinct from ‘apparent weight’ (see D.9.5 
below). 

(iii) Although weight, whether measured in air or in some 
other fluid, is a vector quantity, we shall treat it as a scalar, as 
in D., 4.11. 


l 


(a). (b) 
FIG. 9.1 Immersion of a body 
ina fluid. (a) Completely immer- 
sed. (b) Partially immersed. 


Displaced 
fluid 


Eureka can 


FIG. 9.2 Displaced fluid. For 
a body completely immersed ina 
fluid, the volume of the displaced 
fluid is equal to the volume of the 
immersed body. 
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(Apparent 
weight 


Weight 
in air 


FIG. 9.3 The apparent weight 
of the body is its weight when 
completely immersed in a liquid. 


ES ze 
ooo Q 
(a) Solid (b) Liquid (c) Gas 


FIG. 9.4 Density of a material 
is mass per unit volume. 
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D.9.5 Apparent Weight (of a solid body immersed in a fluid) 
The weight of a solid body as measured when the body is 


immersed in a fluid other than air. 
WRITTEN REPRESENTATION Wapp 


NOTE The apparent weight of a solid immersed in a fluid 
is always less than the weight of the body measured in vacuum, 
as per Archimedes’ principle (see Law 10). 


D.9.6 Density (of a material) The mass per unit volume of a 
material in a particular state (solid, liquid, gas). 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION No fixed symbol. But in this 
chapter: d for solids, p for fluids. 

SPECIFICATION Magnitude: Obtained as the ratio of the 
total mass of the material in a particular state (solid, liquid, gas) 
to its total volume. Measured in kilogram per cubic metre 
(kg m7), 

MATHEMATICAL EXPRESSION From the above definition, 


Z total mass 
density = ——————_ , 
total volume 
m 
(d, ¢) = y (E. 9.1) 


NOTES (i) Because the mass of a given quantity of matter is 
constant, the density of a material in a particular state is con- 
stant for constant volume. (If the volume of the material changes 
while the mass remains the same, the density changes according 
to E.9.1). 

(ii) The density of a material is one of its characteristics and 
itis measured under carefully controlled circumstances. The 
densities given in Table 9.1 are values obtained under standard 
conditions. 

(iii) The density varies with temperature because the volume 
changes. 

(iv) The density of a material does not change when the weight 
of the material changes. Hence, the density of a solid body is 
constant whether the body is placed in vacuum or in air, or is 
immersed in some other liquid. 


9.2 THE FORCES ACTING ON IMMERSED SOLIDS 


A solid body immersed wholly or partly in a fluid experiences 
two opposite forces: 

(i) the earth’s gravitational force which acts downwards, and is 
equal to the body’s weight in air; and 

(ii) the reaction of the fluid to the immersion of the body 
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which acts upwards and is due to the displacement of some of 
the fluid by the immersed part of the body. 
These two forces are not always equal in magnitude, although 
they are always opposite in effect. The relationship between 
their magnitudes determines whether a body will float in the fluid 
or not, as described below. 
D.9.7 Centre of Buoyancy The centre of gravity of the volume 
of the fluid displaced by the immersed body. 

EXAMPLES See Fig. 9.6. 

WRITTEN REPRESENTATION CB 

Notes (i) The centre of buoyancy pertains to the displaced 
fluid and not to the immersed solid. To determine the centre of 
buoyancy, we have to specify 

(a) the volume of the displaced fluid, and 

(b) the centre of gravity of that volume of the displaced fluid. 

(ii) In general, the centre of gravity of the immersed solid is 
a different geometrical point from the centre of buoyancy of 
the displaced fluid. 

(iii) For a completely immersed body CB and CG are at the 
same point. 


D.9.8 Loss of weight A measure of the buoyant force exerted by 
the liquid on a solid body (see Fig. 9.3). 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION No specific symbol. 

SPECIFICATION Difference of the weight of the body in air to 
the weight of the body in liquid. Measured in newton (N). 

MATHEMATICAL EXPRESSION ; 

Loss of weight = Wair — Wapp 


D.9.9 Buoyancy (or Buoyant force) The force acting upward on 
an immersed solid, which is a reaction of the displaced fluid 
to the immersion. 
TYPE OF QUANTITY Vector; but here treated as a scalar. 
WRITTEN REPRESENTATION Wi 
SPECIFICATION (i) Magnitude: Given by the weight of the 
quantity of displaced fluid. Measured in newton (N). 
(ii) Direction: Always vertically upward. 
MATHEMATICAL EXPRESSION From the above specification of 
the magnitude of buoyancy, 
buoyancy = weight of displaced fluid 
= mass of displaced fluid x 
gravitational acceleration, 
Using E. 9.1, we have for the displaced fluid, 


mass = volume X density, or 
my = Vip (E. 9.2) 
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FIG. 9.5 Centre of gravity and 
centre of buoyancy coincides for 
the completely immersed body. 


CG 


FIG. 9.6 Forces on a comple- 
tely immersed body. 
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(a) 


Cylinder 

FIG. 9.7 Verification of the 
Archimedes’ principle. (a) A buc- 
ket and a cylinder which fits the 
bucket tightly are suspended from 
the spring balance and the reading 
is noted. (b) The cylinder is now 
placed in water and the bucket is 
kept empty. The reading of spring 
balance decreases. (c) When the 
bucket is filled with water the 
reading of the spring balance be- 
comes same as in (a). The weight 
of the water in the bucket is equal 
to the weight of the water displa- 
ced by the cylinder as the volume 
of cylinder and bucket are equal. 
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Hence, 
buoyancy = volume of displaced fluid xdensity of 
fluid X gravitational acceleration, or 
Wi = Viog (E. 9.3) 
where V; is the volume of the displaced fluid and ¢ is its density, 
NOTES (i) The force of buoyancy is due to the displaced 
fluid. 
(ii) It acts upon the immersed solid. 
(iii) It acts at the centre of buoyancy (i.e. at the centre of 
gravity of the volume of displaced fluid), 
(iv) It acts upward, opposing the immersed solid’s weight. 
(v) The weight of the immersed body acts downward, and at 
the centre of gravity of the solid. 
(vi) If the body is completely immersed in a liquid then: volume 
of the displaced fluid (V,) = volume of the solid body (V). 
(vii) The buoyancy and the weight act at different points on 
the immersed solid (sce Fig. 9.6). 


Law 10: ARCHIMEDES’ PRINCIPLE 


When a solid body is partly or wholly immersed in a fluid, it 
experiences a buoyancy equal to the weight of the displaced 
fluid. 

Notes (i) Archimedes’ principle is the verbal statement of 
E7933; 

(ii) The law enables us to establish E.9.4 given below. 

MATHEMATICAL EXPRESSION By Archimedes’ principle an 
immersed body experiences two forces: 


(i) Wair = mg, the weight in air of the body acting downward 
on the immersed body, and 
(ii) Wi = mg = Vieg, the buoyancy of the displaced fluid 
acting upward on the immersed body. 
If we take the downward direction as positive and the 
upward direction as negative, then Wair is positive and W1 is 


negative. Hence, the apparent weight (see D. 9.5) of the immers- 
ed body in the fluid is 


Wapp = Wair — Wi, (E. 9.4) 
or, using E. 9.3, E. 9.1 and E. 4.11, we get 

Wapp = mg — Vieg 
or Wapp = Vdg — Vicg (E. 9.5) 


9.3 FLOTATION AND EQUILIBRIUM 


An immersed body floats in a fluid only under certain conditions 
which are determined by E. 9.5. Whether a floating body is 
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stable or not depends on the kind of equilibrium (see Section 6.2) 
it is in. For stability. it must fulfil the conditions of stable 
equilibrium given below. 

The conditions of flotation and of equilibrium are of vita! 
importance in the design, construction and operation of boats 
and ships. Somewhat similar conditions are required for aircrafts 


as well. 


D. 9.10 Flotation A body is said to be in the condition of 
flotation in a fluid when the buoyancy acting on it exactly 
equals its weight in air. 

SPECIFICATION By this definition of flotation, 


Vdg = Vg (E. 9.6) 
Using E. 9.6 in E. 9.5, the condition of flotation can be mathe- 
matically specified by the equation 


Wavp = Vdg — Vieg =0 (E. 9.7) 
or Vd = Vip (E. 9.8) 


This equation means that, in the condition of fiotation, the 
weight in air of a solid body = the weight of the displaced 
fluid. 

NoTEs (i) A body floats in a fluid at that position, on the 
surface or inside the fluid, at which the buoyancy equals its 
weight: i.e. the buoyancy may equal the weight in air either 
when the body is partially immersed in the fluid, or only when 
the body is completely immersed and is somewhere ‘inside’ the 
fluid (see Fig. 9.6). 

(ii) When a body floats in a fluid, there is no resultant force 
in either the upward or the downward direction acting on it. 
Hence, the body has no apparent weight in the fluid, and 
moves neither upward nor downward in the fluid. 

(iii) Flotation is an equilibrium condition (see below). 


CONDITIONS FOR EQUILIBRIUM The mathematical relationship 
between the weight in air of a body and the buoyancy deter- 
mines the equilibrium or inequilibrium of a body immersed in 
a fluid. 

Case 1: Wair > Wy. The weight of the body is greater than 
the buoyancy, so there is a resultant downward force of magni- 
tude Wapp = Wair — Wi acting on the body. In this case, the 
body sinks into the fluid, and is not in equilibrium. The apparent 
weight is positive. 

Case 2: Weir = Wi. The weight of the body is equal to the 
buoyancy. This is the condition of flotation (see above). There 
is no resultant force acting on the body. The body is in equili- 
brium and moves neither upward nor downward in the fluid. 


FIG. 9.8 Three kinds of floa- 


ting configurations. (a) Case I: 
The body weight is greater than 
the force of buoyancy, The body 
sinks. (b) Case IJ: The body 
weight is equal to the force of 
buoyancy. The body floats just 
submerged in liquid. (c) Case III: 
The body weight is less than the 
force of buoyancy. The body is 
completely immersed. As the up- 
ward force is greater, the body 
moves upward and stops in that 
position for which the force of 
buoyancy equals the body weight. 
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FIG. 9.9 The force of buoyancy 
equals force of gravity for floating 
body. 


Anticlock wise couple 


Metacentre#! M 


force 


Centre of 


“Centre of > 
~~ buoyancy: == 


(b) 


FIG. 9.10 Stability of a floating 
body. Metacentre of the boat 
(a) When the centre of gravity of 
the boat is below the metacentre 
M, the anticlockwise couple brings 
the boat back to its original posi- 
tion. The boat is stable (see D. 
6.13). (b) When the centre of 
gravity of the boat is above the 
metacentre, the clockwise couple 
sopples the boat. The boat is 
unstable (see D.6.15). 


Buoyant 


buoyancy=— 
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The apparent weight is zero. If the body is completely immersed 
in the fluid Kı- Vor 


(E.9.9) 


Case 3: The buoyancy is greater than the weight, so there 
is a resultant upward force ot magnitude W; — Wair acting on 
the body The body rises in the fluid, and is not in equilibrium. 
‘The body rises until it reaches the surface of the fluid. It comes 
to rest in that position of immersion for which the weight 
equals the buoyancy (e.g. when W, = Wair). 

While the body is rising, its apparent weight is negative 
(downward direction is taken as positive). When the body 
reaches equilibrium at the surface of the fluid, the apparent 
weight becomes zero. 

CONDITIONS FOR STABILITY The above conditions of equili- 
brium enable us to decide whether a body will sink, or ficat, or 
rise to the surface when submerged. For a body which is a the 
equilibrium condition of flotation, stability is also important. 
Stability is the condition which decides whether a floating body 
will remain upright or will turn around a horizontal axis when 
disturbed from its rest position. 

A floating stationary body is in equilibrium under the action 
of two equal and ‘opposite forces: 

(i) its weight in air, acting downward at the centre of gravity 

of the body; and 

(ii) the buoyancy, of the same magnitude as the body’s weight 
acting upward at the centre of buoyancy. 

From Fig. 9.9 it can be seen that for the floating body to be 
in rotational equilibrium about any horizontal axis, the centre 
of gravity and the centre of buoyancy must lie along the same 
vertical line. 

When the body is tilted to one side (see Fig. 9.9), the 
centre of buoyancy shifts to a new position, which is not on the 
same vertical line as the centre of gravity. Thus, a couple (see 
D. 6.7) acts on the body, as shown below. 

Two cases arise, as described under D. 9.11. 


d=: 


D. 9.11 Metacentre The point at which the vertical line through 
the new centre of buoyancy of a tilted floating body meets the 
straight line joining the body’s centre of gravity and the centre 
of buoyancy of the upright body. 

EXAMPLE See Fig, 9.10. 

RELATION TO STABILITY For a tilted floating body, two cases 
arise (see conditions of stability, D. 9.10). 

Case 1: Stable floating body The couple acting on the tilted 
‘body tends to decrease the tilt and to restore it to its upright 
position (Fig. 9.10(a)). 


FLOTATION AND ARCHIMEDES” PRINCIPLE 


In this case, the metacentre must lie above the centre of 
gravity of the body. 

Case 2: Unstable floating body The couple acting on the 
body tends to increase the tilt and to overturn it (Fig. 9.10(A)). 

In this case, the metacentre lies below the centre of gravity 
of the body. 


9.4 APPLICATIONS OF ARCHIMEDES’ PRINCIPLE 


Archimedes’ principle has been applied in the laboratory as 
well as in industry and technology. It is used for determining 
the relative densities of materials; for designing instruments 
which can measure the relative densities of liquids; and for 
designing, building and operating boats, ships and submarines. 


D. 9.12 Relative Density A measure of how much more or less 
the density of a material is in comparison to the density of 
pure water. 

EXAMPLES See Table 9.1. 
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TABLE 9.1 Density and relative density of some commonly used substances. In gases it is 
measured at 0°C and at pressure of one atmosphere. For other substances it is measured at 20°C. 


Density (kg m?) Relative density 


Air 1,29 0.00129 Aluminium 
Carbon dioxide 1.98 0.00198 Body tissue 
Helium 0.178 0.000178 Brass 
Hydrogen 0.0899 0.0000899 Copper 
Nitrogen 1.25 0.00125 Cork 
Oxygen 1:43 0.00143 Earth 
Ethyl alcohol 807 0,807 Glass (pyrex) 
Blood 1056 to 1060 1.050 to 1.060 Gold 
Galsoine 650 to 690 0.660 to 0.690 Moon 
Glycerine 1260 1.260 Jron 
Kerosene 800 0.800 Silver 
Mercury 13 600 13.600 Sun 

Milk 1028 to 1035 1.028 to 1.035 Wood balsa 
Water pure (4°C) 1000 1.000 oak 
sea 1030 1.030 teak 


TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION R.D. 

SPECIFICATION Magnitude: Obtained as the ratio of the 
density of a material to the density of pure water taken as 
1000 kg m™?. Since it is a ratio, relative density has no units. 
MATHEMATICAL EXPRESSION From the above specification of 
magnitude, 


2700 
1047 
8700 
8900 
220 to 260 
5520 
2600 
19 300 
3340 
7860 
10 500 
1410 
130 
600 
750 


Density {kg m°?) Relative density 


2.700 
1.047 

8.700 

8.900 

0.220 to 0.260 
5,520 

2.600 
19.300 

3.340 

7.860 
10.500 

1.410 

0.130 

0.600 

0.750 
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Stem 


FIG. 9.11 Constant weight 
hydrometer. It has a hollow bulb 
of large radius. The lower bulb 
has some heavy material, for e.g. 
lead, to make the instrument 
heavy so that it can float upright. 
The radius of the bulb is large so 
that volume of the displaced fluid 
is large and hence it can float 
partially submerged. The stem is 
narrow to make the instrument 
sensitive. The stem is directly 
marked in terms of the relative 
density. 


Hollow bulb: 


FIG. 9.12 A constant volume 
hydrometer (Nicholson hydro- 
meter). It has a hollow bulb, a 
bucket at the bottom to keep 
objects, and a short stem with a 
pan over which weights can be 
placed. The weights on the pan 
are so adjusted that the hydro- 
meter always remains submerged 
in the fluid upto a marked line on 
the stem. 


REVISION IN PHYSICS 


relative density ofa material = acepstiyiot material _ 
: y density of pure water ° 


d d 
R.D. = iE 0.001 d 
where d is the density of the material. 

Notes (i) The relative density is one thousandth of the 
density of a material, when the density is measured in SI units, 

(ii) The relative density of a material is an indication of ‘how 
much heavier or lighter’ the material is than water. 

(iii) The relative density of a material may be determined in 
all three states: solid, liquid, gaseous. 

(iv) The old name of relative density was ‘specific gravity’, 
which is no longer used because it was an inaccurate name. 

(v) For gases, the relative density is usually measured using 
hydrogen gas as the reference material, and at standard pressure 
and temperature (STP). The density of hydrogen is 0.090 kg m”? 
at STP. 


(E. 9.10) 


D. 9.13 Hydrometer An instrument, based on the principle of 
floation, which measures the absolute density or the relative 
density of liquids. 

TYPE OF HYDROMETERS 

(i) Constant-weight hydrometer In this type, the weight of 
the hydrometer remains constant and the volume of the hydro- 
meter immersed in the liquid varies from liquid to liquid. 

CONSTRUCTION See Fig. 9.11. 

WORKING PRINCIPLE In the equilibrium state the height of 
the hydrometer submerged in the liquid is inversely proportional 
to the density or relative density of the liquid. 


Ke $ or hXp = constant (E. 9.11) 


1 
he RD or hX R.D = constant 


ADVANTAGE The relative density can be measured quickly 
and easily. 


(E. 9.12) 


LIMITATION The measurements made using this instrument 
have limited accuracy. 

NOTE The marks on the stem are not at equal distance 
because of E. 9.12. 

(ii) Constant-volume hydrometer (Nicholson hydrometer) 1n 
this type, the weight of the hydrometer is changed to keep a 
fixed volume of the hydrometer immersed in each liquid. 

CONSTRUCTION See Fig. 9.12. 

WORKING PRINCIPLE The mass on the pan is changed to keep 
the hydrometer always submerged upto the fixed line on the stem. 


FLOTATION AND ARCHIMEDES’ PRINCIPLE 


ADVANTAGES (i) It can be used to determine relative density 
very accurately. 

(ii) It can be used to determine the relative density of solids 
also. 

LIMITATIONS (i) The measurements cannot be done quickly. 

(ii) It cannot measure absolute density. 


D. 9.14 Lactometer A constant-weight hydrometer used for 
measuring density of milk. 
CONSTRUCTION See Fig. 9.13. 


D. 9.15 Density Bottle A bottle of fixed volume used for the 
measurement of the relative density of liquids. 
CONSTRUCTION See Fig. 9.14. 


DETERMINATION OF RELATIVE DENSITY OF SOLIDS 
MATHEMATICAL EXPRESSION 
weight of the solid in air 

weight of water of equal volume 
fe weight of the solid in air 
= weight of the displaced water 

weight of the solid in air 

loss of weight of the solid in water 
Wair 
an E. 9.13 
Wair — Wat ( ) 

(i) By Using Archimedes’ Principle. 
(a) Solids which sink in water See (Eq. 9.13). Fig. 9.15 
(b) Solids which do not sink in water Fig. 9.16 


air = W2 — W, Wua = W3 — W. 


R.D = 


W.-W 
= Ni eee 
pan) (W2 — W) — (W3 — W) 
a Wa E (E. 9.14, 
W2— W3 m2 — M3 
(ii) By Using Nicholson Hydrometer Fig. 9.17 
W— W: 
= a 
RD = Www) -W =W) 
Wee A (E. 9.15) 


~ W— W2 m- m 
NOTE In the relative density determination by Nicholson 
hydrometer; for solids which sink in water, mw > m3 > My 
while for solids which do not sink in water, m, > Mw > m2. 


DETERMINATION OF RELATIVE DENSITY OF LIQUIDS 


MATHEMATICAL EXPRESSION 


D= weight of liquid ___ 
weight of equal volume of water 


FIG. 9.13 Lactometer 


FIG. 9-14 Density bottle. 


FIG. 9.15 Relative density of 
solids heavier than water by the 


Archimedes’ 


principle 
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weight of the displaced liquid by a solid body 
weight of the displaced water by the same solid body 
loss of weight of solid in liquid 
loss of weight of solid in water 
(i) By Using Archimedes’ Principle Fig. 9.18 
Wair — Wiis 
Wair as = Wea 
i) By Using Nicholson Hydrometer Fig. 9.19 
Wi, + Ws í 
ee Wi + W3 
_ Ma +m 
Ma + My 


(iii) By Using Relative Density Bottle Fig. 9.20 
Wi— W 
W2—-W 


R.D = (E. 9.16) 


(E. 9.17) 


FIG. 9.16 Relative density of 
solids lighter than water by Archi- 


medes’ principle. RD = 


_ m— ma 
Mw — Ma 


(E. 9.18) 


My 


(i) (ii) (iii) 
FIG, 9.17 Relative density of 
solids by Nicholson hydrometer. I 


(ii) (iti) 
FIG. 9.19 Relative density of 
- liguid by Nicholson hydrometer. 
Ws is the hydrometer weight in 
air, Wr=m,g. 
I 
|| 
l 


(i) My is the mass on the pan to 

keep the hydrometer floating in FIG. 9.18 Relative density of 
water, W=myg. (ii) m, isthe mass liquids by Archimedes* Principle 1. 
on the pan to keep it floating in Y 

water when solid is placed on the 

pan, W,=myg. (iii) my is the mass 

on the panto keep it floating in 

water when solid is Placed in the 

bucket, W,=myg. 


' I I Ill 

FIG. 9.20 Relative density of 
liquid by relative density bottle 
Wiis the weight of bouie in air. 
W= mg. W, is tke weight of 
bottle with liquid. Wy sm ge W 
is the weight of boule with water 
Wy > mg. 


FLOTATION AND ARCHIMEDES’ PRINCIPLE 


SOLVED EXAMPLES 


EXAMPLE 9.1 What is the force of buoyancy 
on a solid body of volume 0.012 mê when it is 
(i) one-fourth immersed, (ii) two-thirds immer- 
sed, and (iii) completely immersed in a liquid 
of density 1200 kg m° ? 
Solution ¢: = 1200 kg m™°, and V = 0.012m? 
W, = force of buoyancy = weight of the dis- 
placed liquid 
= Vipig 
V; = volume of the displaced liquid 
= volume of the body inside the liquid. 
(i) One-fourth immersed (one-fourth of the 
volume of the body inside the liquid) 


Y= T ety ape 0.003 m? 

Wi = 0.003 m? x 1200 kg m?x9.8 m s~? 
= 35kgms? 
=35N 


(ii) Two-thirds immersed (two-thirds of the 
volume of the body inside the liquid) 


2y 2x0.012 m* 


L 3 = 0.008 m? 
W1 = 0.008 mê X 1200 kg m™3x9.8 ms? 
= 94 N 


(iii) Completely immersed 
V, = V = 0.012 m? 
Wi = 0.012 m3 1200 kg m= x 9.8 ms? 
=I141N 


Answer The force of buoyancy on the body 
for the three cases is 35 N,. 94 N and 141 N, 
respectively. 


EXAMPLE 9.2 A gold cube of side 10.0 cm 
weighs 0.0193 kg-wt in air. What will be its 
apparent weight in a liquid of density 1200 kg 
m73, when the cube is (i) haif immersed, and 
(ii) completely immersed in the liquid ? 

Solution V = 0.01 mx0.01 mx0.01 m 
= 1076 m3, Weir = 0.0193 kg-wt = 0.0193 x g 
kg, and pı = 1200 kg m™”. 

Wapp = Wair — Wi, and Wires Views 
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(i) Half immersed V; : 3 = 3 x 1076 m? 
Wi =4X106 m?Xx1200 kgm™?xg 
= 0.0006 Xg kg. 


Wapp = (0.0193 xg — 0.0006 x g) kg 
= 0.0187 xg kg = 0.0187 kg-wt 
(ii) Completely immersed Vı = V = 1076 m? 


Wi = 106m? x 1200 kg m=? xg 
= 0.0012Xg kg 
Wapp = (0.0193 xg — 0.0012 g) kg 
= 0.0181 xg kg = 0.0181 kg-wt 


Answer The apparent weight of the gold 
cube in the liquid is (i) 0.0187 kg-wt when half 
immersed, and (ii) 0.0181 kg-wt when com- 
pletely immersed. 


EXAMPLE 9.3 A metal piece, when completely 
lowered into water of density 1000 kg m,? 
displaces 1.00 litre of water. If the metal weighs 
29.4 N in water, determine (i) its weight in air, 
and (ii) its density. 


Solution Wapp = 29.4 N, pı = 1000 kg m~ 
and V = Volume of the metal = Volume of 
the displaced water = 1 litre = 1000 x 1076 m? 
= 107 m 

(i) Wi = Vipi g = 107? m? xX 1000 kg m™°? x 
9.8 ms? = 9.8 N 

Wair = Wapp + WwW = 29.4 N + 9.8 N 


= 39.2N 
(ii) Mass of metal = ar 
39.2 kg m s? 
TELE i 
mass 4kg any - 
TIECT oea on gm 3 


Answer The weight'of the metal piece in air 
is 39.2 N and its density is 4000 kg m™”. 


ExavpLe 9.4 One of the important natural 
‘applications’ of the force of buoyancy is found 
in the case of the human brain. The brain is 
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submerged in a fluid of slightly higher density. 
This is necessary because, if this fluid is not 
Present, the brain will collapse under its own 
weight. The apparent weight of the brain in 
this fluid becomes very small, which can then 
be withstood by the nerves in the brain. The 
average mass of the human brain in air is about 
1000 g and the density of the material of the 
brain is 1040 kg m7. It is submerged in a fluid 
of density 1008 kg m7. Determine the apparent 
mass of the brain. 

Solution m = 1 kg, d = 1040 kg m3, p= 
1008 kg m™ and Wair = mg = 1 kg x 9.8 m s72 
= 9.8N 


V = volume of brain = > = ce 


1 
~ 1040 
V, = volume of displaced liquid = V 


m? 


W, = Vi eg = T m?x 1008 kg m73 


X9.8 m s72 
= 9,4985 N 
Wapp = Wair — Wi = 9.8000 N — 9.4985 N 
= 0.3015 N 
0.3015 N _ 
Apparent mass = pine = 0.0308 kg 


Answer The apparent mass of the brain is 
0.0308 kg 


EXAMPLE 9.5 The weights of a completely 
submerged metal body in (a) air, (b) water and 
(c) an unnamed liquid are 300 N, 260 N and 
250 N, respectively, Find the density of (i) the 
body and (ii) the unnamed liquid. 

Solution War = 300 N, Wwar = 260 N, 
Wiig = 250 N, and pwar = 1000 kg m3. We 
know that 

Wi = War — Wanp = Veg and Wair = Vdg 
where p is the density of water or liquid, d= 
density of the body, 


1040 kg m3 


REVISION IN PHYSICS 


(i) For density of metal body Warp = Wwa 
= 260 N, and $ = puu = 1000 kg m~? 
300 N E 
d G00 deol N 260) N* 1000 kg m=3 
300 x 1000 
= ARS Tac 
= 7500 kg m`? 


(ii) For the density of the unnamed liquid 
Wapp =i Wiig = 250 N 
Wair — Wiig d 
air 
— (300 — 250) N a 
~~ 300N — * 7500 kgm 


= 1250 kg m=3 
Answer The densities of the metal and of the 
liquid are 7500 kg m=? and 1250 kg m™, res- 
pectively, 


NOTE The relative density of the liquid can 
be calculated as follows. 


m-3 


Pliq = 


Weight of the displaced liquid 
Weight of equal volume of water 
= Wair — Wiig 

Wair a Wvwar 
— (300 — 250) N ee coe as 
(300 — 260) N ~ Go =!- 

EXAMPLE 9.6 An iceberg of density 900 
kg m™ Aoats in the sea, where the water has a 
density of 1030 kg m=. Determine the percen- 


tage of the volume of the iceberg that is below 
the surface of the water, 


Solution d = 900 kg m™3, ə = 1030 kg m™. 
From the law of flotation, a body floats when 
Weight of the iceberg = weight of the dis- 
placed water 
Weight of the iceberg = Vdg 
= Vx900 kg m3 x g 
= 900x V Xg kg m3 
where V is the volume of iceberg 
Weight of the displaced water 
= Vieg = Vix 1030 kg m3xg 
= 1030x V, Xg kg m3 
where V; is the volume of the iceberg under sea 


KD 


FLOTATION AND ARCHIMEDES’ PRINCIPLE 


water, or 
900x Vx g kg m™° = 1030x V; Xg kg m™ 
Vu ee ee 
y 7030 ~” 0.874 
Percentage of the iceberg volume inside water 
= 4 x100 = 87.4 
Answer 87.4% of the iceberg is inside the 
water. 


EXAMPLE 9.7 A cylindrical log of wood, of 
height one metre and density 800 kg m’, floats 
vertically in water. Calculate the height of the 
exposed top of the log from the free surface of 
the water. 
Solution d = 800 kg m™3, and p 
= 1000 kg m=? 
V = volume of log = base area X height 
=AXilim=Am 
where A = base area of the cylindrical log. 
V; = volume of the wood inside water 
= ÁX L, where 
L = length of the wooden log inside water. 
W = Vdg = AmxX800 kg m=? xg 
= 800x AXg kg m2 
W, = Vieg = AX LX 1000 kg m™3 xg 
= 1000XxAXLXg kg m”. 
For a floating body, Wı = W 
1000x AxLxgkg m? 
= 800x AXg kg m™, or 
LEm'!=08 or L=08m 
Length of the wood outside water 
= 1.0 m — 0.8 m = 0.2 m 


Answer 0.2 m of the wooden log is above the 
water surface. 


EXAMPLE 9.8 A cylindrical tube floats verti- 
cally in water, such that three-fourths of its 
length remains inside the water (of density 
1000 kg m™°). The tube is then put into 
glycerine (of density 1200 kg m2), Determine 
how much of it is submerged in glycerine. 
Solution (i) In water: In the equilibrium state, 
Volume of the displaced water = volume of 
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the tube inside water = 3V/4, where V is the 
volume of the tube. 

Weight of the tube = weight of the displaced 
water 


Vdg = x 1000 kg m? xg, or 


d = -3%1000 kg m”? 
= -2x100 kg m 


(ii) In glycerine Weight of glycerine displaced 
= weight of the tube 
V; pg = Vdg 

Vix 1200 kg m™3xg = V x750 kg m™? xg 

750 5 
A Blt 5 1 cae we A 
Answer Five-eights of the tube will be inside 
the glycerine. 


= 750 kg m™? 


EXAMPLE 9.9 Ships and boats are marked 
with a horizontal line, called the water-line, 
indicating that for safety these vessels should 
be submerged in water only upto this line. A 
ship of total mass 2060 tons (1 ton = 10* kg), 
first travels in sea (salt-water) submerged upto 
its water-line. The ship now enters fresh water. 
If the ship is to remain submerged upto its 
waterline, determine the amount of cargo to be 
removed from the ship, given that the density 
of sea-water is 1030 kg m™? and that of fresh 
water is 1000 kg m=. 


Solution ps= density of sea water = 1030 
kg m=, p= 1000 kg m™3, mı = mass of the 
ship in sea water = 2060 x 10‘ kg, and mass of 
the sea water displaced = mass of the ship = 
2060 x 104 kg. 

From the law of flotation: Vi ps g = mı g 
where 

V; = Volume of the displaced sea water 

_ m _ 2060 x 10*kg 
ps -1030kg m° 
= 2 x 10* m? 
Now the ship moves from the sea water to the 
fresh water. In fresh water also the ship should 
remain submerged upto the water-line for safe 


travel. Hence, 
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V2 = Volume of the displaced fresh water 
= V, =2x104 m? 
Mass of the displaced fresh water 
= V22=2 X 104m’ x 1000 kg m`? 
= 2000 x 104 kg. 
From the law of flotation 
mz = Mass of the ship in fresh water 
= Mass of the displaced fresh water 
= 2000 x 10* kg. 
Amount of cargo to be removed = mı — mz 
= 2060 x 10* kg — 2000 x 10* kg 
= 60 x 10* kg = 60 ton. 
Answer 60 ton of cargo should be removed 
from the ship. 
NOTE If this quantity of cargo is not remo- 
ved, the ship will submerge, higher than its 
water-line on entering fresh water, and may sink. 


EXAMPLE 9.10 In a measuring jar, water is 
filled upto the 800 ml mark. A piece of ice, of 
mass 0.45 is gently slipped into it. Determine (i) 
the percentage of the volume of the ice inside 
the water; (ii) the water-level when the ice is just 
put in; and (iii) the water-level after the ice has 
melted away completely. The density of ice is 
900 kg m™?. 

Solution d= 900 kg m°, p = 1000 kg m~’, 
m __045kg_ _ gay 
d 900kgm> — 
10-4 m3. When ice floats in water, 


m = 0.45 kg, and V = 


REVISION IN PHYSICS 


Weight of the water displaced = Weight of ice 
V, X 1000 kg m=? x g = 0.45 kg X g 
V; = 0.45 x 10-4 m? 


where V; = Volume of the displaced water 
= Volume of the ice inside water 


(i) Percentage of the ice volume inside 
y 
water = y x 100 
4.5x 1074 


= oe LOO 0 


(ii) Increase in the water level when ice is 
just put = volume of the displaced water = 4.5 
x 1074 m? = 450 ce (1 cc = 1076 m°). 

Level of water in the jar = 800 ce + 450 cc = 
1250 cc. 

(iii) When the ice melts completely, weight of 
the water from ice = weight of the ice 


V2 X 1000 kg m™? xg = 0.45 kg x g 
V2= 4.5 X 1074 m? = 450 cc 

where V, = Volume of the water from ice. 
This means that when the ice melts completely, 
the water-level in the measuring jar should be 
800 cc + 450 cc = 1250 cc. But this is the water 
level when the ice was just slipped into the water. 
Hence, when the ice has melted away completely, 
there will not be any rise in the water level. 

Answer 90% of the ice volume is inside the 
water. The water level in the jar is (i) when 
ice is slipped into the jar = 1250 cc, and (ii) 
when ice has melted completely = 1250 cc. 


PROBLEMS 


9.1 Find the volume of liquid displaced when an 
object of mass 10.00 kg is placed in (i) water, (ii) 
glycerine of density 1260 kg m™, and (iii) mercury 
of density 13 600 kg m™?. 

Determine the volume of chloroform displaced by 
the complete immersion of a piece of marble of 
mass 5.4 kg and density 2700 kg m~’. 

(i) What will be the weight of the quantity of 
kerosene displaced by the immersion of a metal 


9.2 


9.3 


cube of side 5.0 cm in it ?°You are given that the 
density of kerosene is 800 kg mz*, (ii) Calculate 
the force of buoyancy in this case. 

A metal piece, when completely immersed in a 
liquid, displaces a quantity of the liquid of mass 
0.63 kg. What is the density of the liquid, if the 
volume of the metal is 0.50 m? ? 

What will be the apparent weight of a fish of 
density 1100 kg m-* and mass 22 kg, in fresh 


9.4 


9.5. 


FLOTATION AND ARCHIMEDES’ PRINCIPLE 


9.6 


9.7 


9.8 


9.9 


9.10 


9.15 


9.16 


water ? 

A fragment of a broken ship, of weight 14 700 N 
in air and having a volume of 0.50 m” is to 
recovered from the bottom of the sea. It is attached 
to a crane. What is the downward force acting on 


be 9.17 


the crane when the fragment is completely in the 9,18 


water (of density 1030 kg m~?) just below the sur- 
face of the sca ? 

A stone of density 7000 kg m~? weighs 117600 N 
in water. What will be its weight in air ? 
What is the volume of a brick which loses 
kg-wt in glycerine of density 1200 kg m™*? 
The weight of a metal picce in air is 1450 N. When 
totally immersed in water, its weight is 1300 N. 
What will be its weight when immersed (i) comple- 
tely, and (ii) three-fourths, in glycerine of density 
1.26 x 10° kg m™*? 

A marble block loses 2.45 N when weighed in 
water. If the density of marble is 2500 kg A 
determine (i) the volume of the marble block, and 
(ii) the mass of the block in air. 

A silver block of density 10.5 x 10° kg m* weighs 
70.0 N in air and 56.0 N ina liquid. Determine 
the density of the liquid. 

A piece of metal weighs 7.12 N in air. It weighs 
0.80 N less in water. Find the relative density of 
metal. 

What is the relative density of a liquid, if the 
weight of the displaced water and liquid by a 
metal block are 4.90 N and 5.88 N respectively ? 

A sphere of copper is suspected to be hollow. It 
weighs 98.0 N in air and 88.2 N in water, what 
is your opinion 2 Is it hollow? The density of 
copper is 8.9 x 10° kg m™. . 


0.294 


A plank ot teak floats two-thirds immersed in 
water. Determine its density. 
Determine the density of a metal which floats one- 


9.19 


9.20 
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fifths submerged in a liquid of density 13 000 kg 
m> 

A boat of mass 980 kg and volume 20 m* can tra- 
vel safely half submerged in water. How many 
cars of average mass 980 kg can it carry ? 

A submarine is a man-made device which can 
travel below the surface of water. Normally it 
floats on the water surface, about one-fifth sub- 
merged. When it has to travel below the surface, 
water is pumped into its storage tanks. This water 
increases its weight and consequently more of the 
submarine goes below the surface. How much 
water must be pumped into its tanks so that it 
floats just submerged ? (Density of sea water = 
1030 kg m~”. Mass of the submarine = 2500 ton;) 
ton = 10° kg.) 

(Hint : When it floats just submerged, density of 
the submarine becomes equal to the density of sea 
water.) 

Normally a fish will sink because its density, 
1100 kg m~’, is greater than the density of the fresh 
water. However, a fish has special bladders, in 
addition to other swimming mechanisms, which 
can be filled with air (density - 1.3 kg m-’). As 
air is filled into these bladders, the density of the 
fish decreases and it can float on water. Suppose 
a fish of mass 110 kg floats just submerged. Deter- 
mine the volume of these bladders. 

(Hint : Density of the air filled fish 
the fresh water.) 

A piece of ice of mass 1.8 kg is put gently into a 
measuring jar which contains glycerine upto the 
2000 mi mark. Determine the liquid level when 
(i) the ice is just put into the jar, and (ii) when 
the ice has completely melted. You are given 
that the density of glycerine is 1200 kg m* and 
that of ice is 900 kg m~. Compare your answer 
with that of Example 9.10. 


— density of 


10 The Nature of Vibrations 
and Waves 


10.1 BASIC CONCEPTS 


E The study of waves involves several new basic concepts. There 
jl are several kinds of waves which are different from each other 
i--} in many respects but have many common concepts. 
(a) (b) (c) 
FIG. 10.1 A body is said to be D, 10.1 Vibrational (Oscillatory) Motion To-and-fro, or back- 
in oscillatory (vibratory) motion and-forth movement of a body or a physical system, 
when it repeats its motion at EXAMPLES (i) Motion of a bob of a pendulum, (ii) motion of 
a peti eg A a prong of a tuning fork, and (iii) motion of a mass suspended 
oscillatory motion: (a) a pendu- © 4 Spring. 


lum, (6) a tuning fork and (c) a NOTE Vibrational or oscillatory motion can be observed fre- 
mass suspended on a string. quently in nature and in daily life. Some kinds of vibrational 
A motion, e.g. that of the earth during a very mild tremor, or that 

Direction of 


propagation of wave present in crystals, are difficult to detect. Other kinds of vibra- 
tional motion, e.g. that of a pendulum, that of the earth when a 
heavy vehicle passes close by, that of air particles when an audi- 
ble sound is produced, are easier to detect. In most of these 
cases, the actual motion of the vibrating body or system is comp- 
licated and difficult to describe precisely and accurately. 


D. 10.2 Elastic medium (or, simply Medium) A body of elastic 
material which transmits vibrational motion through itself. 
EXAMPLES Gases, liquids and metals, 


D. 10.3 Wave A disturbance, usually continuous and oscilla- 
tory, which travels through an elastic medium. 
EXAMPLES The disturbance produced in a water pool by a 


stone, the disturbance produced by a varying electric and mag- 
netic field. 


FIG. 10.2 Production of a wave. 
(a) The up and down motion of a 
hand sends a wave down a taut j . : 
string. (6) A whistle produces a NOTES (i) Some waves [e.g. light waves, Tadio-waves] do not 
sound wave. require a material medium for travelling from one point to 
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another in space. 

(ii) Waves which require material mediums for travelling 
through space are called elastic or material waves \e.g. water- 
waves, sound-waves]. 

(iii) For an elastic wave, the medium through which it tra- 
vels does not itself move. The individual particles of the me- 
dium vibrate (oscillate) about their equilibrium positions as the 
wave travels through the medium. 

(iv) When-a wave travels through space, whether in a medium 
or in vacuum, it is said to propagate. 


D. 10.4 Source A vibrating or oscillating body or system from 
which a wave arises. 

EXAMPLES Tuning fork or a whistle for sound waves in air, 
Fig. 10.2 (b). Hand producing a wave in string, Fig. 10.2 (a). 


10.2 THE CHARACTERISTICS OF WAVE MOTION 


There are five mathematical characteristics of wave motion— 
amplitude, time-period, frequency, wavelength and wave-velo- 
city. To be able to use these quantities, you have to first under- 
stand what a displacement-curve is, and what one vibration or 
oscillation and one cycie are. 


D. 10.5 Displacement-Curve The graphical representation of 

the variation of displacement of the various particles of an elas- 

tic medium during the propagation of a wave, along the length 

of the medium at any one instant. 
EXAMPLES See Fig. 10.3. 
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FIG, 10.3 Displacement curve. (a) For a transverse wave. Its form is the same as that of the wave. 
(b) For a longitudinal wave. Here the displacement of all the particles of the medium from the equilibrium 
position at one instant is plotted against the distance of the particle from some arbitrary chosen origin. 


Notes (i) The displacement is always measured trom the 
equilibrium position of the body. 

(ii) A displacement curve can be plotted for longitudinal as 
well as transverse elastic waves. But the displacement-curve 
depicts the actual ‘shape’ only of transverse elastic waves. 


D. 10.6 One Vibration (or, Cycle) The motion of a vibrating 
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Onc cycle. 
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L] 
i) 
i) 
i} 
i) 
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FIG. 10.4 One vibration is the 
motion of the vibrating body 
starting from the equilibrium posi- 
tion, A, to one extreme position, 
B, to another extreme position, 
C, and back to the starting point 
A. 


FIG. 10.5 Amplitude of a wave 
is the maximum displacement of a 


particle from its equilibrium . 


Position. 
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body, or the portion of a wave, between two consecutive corres- 
ponding points on the displacement-curve. 

EXAMPLES See Fig. 10.4. 

NOTE At the end of one vibration or one cycle, the vibrating 
body is in exactly the same state as it was at the beginning of 
that vibration. Hence, the point at the beginning and the point 
at the end of a cycle of vibration ‘correspond’ or are in the 
‘same state’. 


D. 10.7 Amplitude The maximum displacement from its equili- 
brium position which a vibrating body or a particle of the me- 
dium undergoes during one vibration (see Fig. 10.5). 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION A 

SPECIFICATION Magnitude : Measured in metre (m). 


D. 10.8 Time-Period The time taken by a vibrating body to 
complete one vibration or a wave to go through one cycle. 
TYPE OF QUANTITY Scalar 
WRITTEN REPRESENTATION T 
SPECIFICATION Magnitude : Measured in second (s). 


D. 10.9 Frequency The number of vibrations that a vibrating 
body or number of cycles that a wave completes in one second. 
TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION v 
SPECIFICATION Magnitude : 
D. 10.10 below). 


Measured in hertz (Hz) (see 


RELATION BETWEEN FREQUENCY AND TIME-PERIOD A vibrating 
body or wave, of frequency v, completes v number of vibrations 
or cycles in 1 second. Each of these v vibrations or cycles takes 
T seconds to be completed. Hence, v T seconds is the time taken 
by the body or wave to execute v number of cycles. But this time 
is equal to | second, from the definition of frequency. Hence, 


» I seconds = 1 second 


or Oy (E 10.1) 
Two forms of E, 10.1 are frequently used. 
1 
VETEN : (E. 10.2a) 
1 
and Fe k (E. 10.2b) 


D. 10.10 Hertz The SI unit of frequency; one hertz is the fre- 
quency of a vibration or a wave that completes one cycle in one 
second. 
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TYPE OF QUANTITY Derived SI unit 
WRITTEN REPRESENTATION Hz 
SPECIFICATION From the above definition, 


1 Hz = 1 cycle per second = g! (E. 10.3) 


10.11 Wavelength The distance through which a wave pro- 
gresses during one cycle; see Fig. 10.6. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION À 

SPECIFICATION (i) Magnitude : Measured in metre (m). 

(ii) For transverse waves (see D. 10.13), the wavelength is 
equal to the distance between two successive crests (see D. 10.14) 
or between two successive troughs (see D. 10.15, Fig. 10.6). 

(iii) For longitudinal waves (see D. 10.16), the wavelength is 
equal to the distance between two successive rarefactions (see 
D. 10.17) or between two successive compressions (see D. 10.18, 
Fig. 10.7). 


D. 10.12 Wave-Velocity The velocity with which a crest (or a 
trough) of a transverse wave, Or a rarefaction (or a compression) 
of a longitudinal wave travels through a medium. 

TYPE OF QUANTITY Vector; but here taken to be scalar. 

WRITTEN REPRESENTATION 7 

SPECIFICATION Magnitude : Measured in metre per second 
(m s~’). z 

Nores (i) The wave velocity for all practical purposes is inde- 
pendent of amplitude. 

(ii) The wave velocity in a given medium is the characteristic 
of the medium, like its density. 

RELATIONS BETWEEN WAVE-VELOCITY, WAVELENGTH, FREQUENCY 
AND TIME-PERIOD 

v= (E. 10.4) 


(E. 10.5) 


v= -; 


8.3 FORMS OF WAVES 


There are two basic forms of waves. which occur in various 
natural phenomena. Both of these are simple to understand. 


D. 10.13 Transverse Wave One in which the vibrating particles 
of the medium move aiong a path perpendicular to the direction 
of propagation of the wave. 

EXAMPLES Water waves, wave in strings, X-rays, light waves, 
radio waves, etc. 
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Direction of propagation of wave 


FIG. 10.6 A transverse wave. The arrows indicate the direction of motion of the particles. The particles 


of the medium move perpendicular to the direction of propagation of the wave. Note that there is no 
change in the density of the medium. 


notes (i) Radio waves, microwave, infra red, visible light, ultra 
violet, X-rays, y-rays are all commonly known as electromagnetic 
waves. These waves travel in vacuum with a velocity of 3x 108 
ms-'. The wavelength of visible portion of light lies between 
4x 1077 m to 7X1077 m. 

(ii) These waves can travel in an elastic medium as well as in 
vacuum. 


D. 10.14 Crest The position of the maximum displacement of a 
vibrating particle of a medium along the positive y-axis, on the 
dispiacement curve for a transverse wave. 
XAMPLE See Fig. 10.6. 
NOTE Crests can be actually seen in transverse elastic waves 
[e.g. water-waves, waves on a rope]. 


D. 10.15 Trough The position of maximum displacement of a 
vibrating particle of a medium along the negative y-axis, on the 
displacement curve for a transverse wave. 

EXAMPLE See Fig. 10.6. 

NOTE Troughs can be actually seen in transverse elastic waves 
{e.g. water waves, waves on a rope]. 


D. 10.16 Longitudinal Wave One in which the vibrating particles 


of the medium move parallel to the direction of propagation of 
the wave. 


+ EXAMPLES Sound waves, waves on spring, waves produced in 
earth during earthquakes. 


NOTE This kind of wave cannot travel in vacuum, 


D. 10.17 Rarefaction The region in a medium, during one cycle 


of a longitudinal wave, in which the density of vibrating particles 
is minimum. 


EXAMPLE See Fig. 10.7. 
D. 10.18 Compression The region in a medium, during one 
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(a) Rarefaction © ompression 


Rarefaction 


cycle of a longitudinal wave, in which the density of the vibrating 
particles is maximum. 
EXAMPLE See Fig. 10.7. 


10.4 SOUND 


Our daily experience of ‘sound’ and of ‘light’ involves the effects’ 


of waves on our senses. Sound is the effect of longitudinal waves, 
travelling through a medium, on our organs of hearing (ears). Light 
is the effect of transverse waves, which travel through mediums 
but can also propagate through vacuum, on our organs of sight 
(eyes). Audible sound waves and visible light-waves are really 
only some types of waves from among a large variety of sonic 
phenomena and electromagnetic phenomena, respectively. 


D. 10.19 Sound Longitudinal elastic waves with frequencies 
between 20 Hz and 20 000 Hz. 

EXAMPLES Waves from the vocal chord, from a siren, etc. 

notes (i) A normal ear can detect waves only in this limit. 
However, the lower as well as the upper limits vary slightly from 
person to person. 

(ii) The sound waves whether in gases, liquids or solids are 
always longitudinal waves. 

(iii) The sound waves cannot travel from one place to another 
without a medium. In vacuum their velocity is zero. 


D. 10.20 Speed of Sound in Gases The speed of sound in a gas 
of density p and at a pressure P is proportional to 4/ Pip. 


MATHEMATICAL EXPRESSION 


oa |2 or v = constant |Ë 
P e 


NoTE If the constant is 1, this formula is known as Newton’s 
formula, and if the constant depends on the gas then it is known 
as the Laplace formula. 


(E. 10.6) 


D. 10.21 Speed of Sound in Air The speed of sound in air, at 
0°C and at a pressure of one atmosphere, is 331.45 m s™! (in this 


Compression 

FIG. 10.7 A longitudinal wave. (a) The vertical lines denote the position of the particles of the medium 
at any one given instant. The number of lines in a particular portion of the figure give the density of the 
particles. Density is minimum at rarefaction and maximum at a compression, 
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Compression 


Table 10.1 Velocity of sound in 
some mediums. In gases it is 
measured at 0°C and at pressure 
of one atmosphere. In liquids 
and solids it is measured at 
20°C. 


ms! 
Air 332 
Carbon dioxide 238 
Helium 971 
Hydrogen 1270 
Nitrogen 338 
Oxygen 317 
Ethyl alcohol 1210 
Blood 1570 
Kerosene 1324 
Mercury 1407 
Water pure 1470 
Water sea 1520 
Aluminium 5100 
Body tissue 1570 
Bone 2800 
Copper 3560 
Cork 500 
Glass (pyrex) 5600 
Gold 1743 
Iron y 5130 
Rubber 70 
Silver 2678 
Steel 5850 
Wood 4000 


Flexible 
support 


Pendulum A 


FIG. 10.8 Exainple of mechani- 
cal resonance. Two pendulums A 
and B are suspended from a flexi- 
ble support. When pendulum 4 is 
set into vibration, its energy is 
transmitted to B via the Mexible 
support. B does not vibrate if the 
lengths of the two pendulums are 
very different. When the length of 
the two pendulums are nearly 
equal. B starts vibrating. The 
amplitude of vibration of B is 
maximum when the length of 4 is 
equal to the length of B. 3 
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book it is taken as 332 m s™!). The factors which affect the speed 
are: 

(i) Effect of humidity As water vapour is lighter than air, its 
presence (which causes humidity) decreases the density of air. 
Hence, in E. 10.6 the speed of sound increases as the humidity 
in the air increases. 

(ii) Effect of pressure at constant temperature According to 
Boyle’s law, for an ideal gas at constant temperature, PV= 
constant. Since V = m/ọ, where m is the mass of air, we obtain 
P's = constant. Therefore, any change in pressure causes a 
corresponding change in the density, which keeps the right-hand 
side of E. 10.6 constant. Hence, ideally, speed of sound remains 
constant for all variations of pressure at a fixed temperature. 

(iii) Effect of temperature at constant pressure According to 
Charles's law, V/T = constant for an ideal gas at constant 
pressure. As the temperature rises, the volume of the air also 
increases and the density of the air decreases (p = m/V). Since 
the pressure remains constant, P's increases. Consequently, the 
speed of sound also increases. For 1°C rise in the temperature 
of air, the speed of sound increases by 0.61 m s™'. 


tp = 332ms!'+06lms'xT 


where T is the temperature of the air in °C. 


CE, 10.7) 


D. 10.22 Natural Frequency of Vibration (or simply Natural 
Frequency) The frequency of vibration of a system with which it 
will vibrate of its own without the aid of a source. 

EXAMPLES (i) The tuning fork marked as 256 Hz has the 
natural frequency equal to 236 Hz. 

(ii) The second and third wire of the tanpura are tuned such 
that their natural. frequency is 240 Hz(Sa). 


D. 10.23 Resonance The phenomenon in which the frequency 
of the vibrating source supplying energy to a system becomes 
equal to the natural frequency of the system, whereupon the 
amplitude of the vibration of the system becomes very large. 

EXAMPLES (i) In 1939 in the U.S.A., the Tacoma suspension- 
bridge collapsed because of mechanical resonance. A high-speed 
wind set the air over the bridge vibrating at a frequency close 
to the natural frequency of vibration of the bridge. The bridge 
started oscillating and, after several hours of a steady increase 
in the amplitude of vibration due to resonance, the bridge 
collapsed. 

(ii) See Fig. 10.8. 


NOTES (7) Resonance also occurs if the frequency of the source 
is an integral multiple of the natural frequency of the system. 


| 


ee 
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(ii) Soldiers are trained to march in exact coordination witk 
each other and their steps have a steady rhythm. If soldiers in 
formation march over a suspension bridge, the frequency of their 
steps may match the natural frequency of the bridge and cause 
dangerous resonance. Therefore, by training, al! soldiers break 
the rhythm of their marching while crossing a suspension (or 
even a weak) bridge. 

(iii) Our radio works on the principle of resonance. When we 
tune Delhi A radio station emitting waves of frequency 8.1 x 108 
Hz, we vary certain properties in the radio set such that the 
natural frequency of the electrical circuits becomes 8.1 X 10: Hz. 
Resonance occurs and only the radio signal of the frequency 
emitted by Delhi A radio station falling on the radio aerial affects 
other circuits which ultimately produce sound waves of the speech 
contained in this signal. 

(iv) We.are able to distinguish between different frequencies 
of sound by our ears because of resonance. Each frequency in 
the sound falling on our ears produces resonance in a particular 
section of the basilar membrane of the ear. It is remarkable 
that each small portion of this long membrane has a different 
natural frequency. 


D. 10.24 Stationary Waves (or Standing Waves) A wave formed 
by the combination of two waves having the same wavelength 
travelling with the same speed but in the opposite directions 
through the same medium simultaneously. 

NOTES (i) All types of waves (transverse. longitudinal, sound, 
light, etc.) form stationary waves. 

(ii) The string is perfectly at rest twice during @ complete 
vibration of the tuning fork. 


D. 10.25 Node A point on a stationary wave which undergoes 
zero or a -minimum displacement throughout one cycle (see 
Fig. 10.9). À 

WRITTEN REPRESENTATION N 

notes (i) The distance between two consecutive nodes is Ae 

(ii) At the nodes, the displacement is zero only if the two 
waves are of equal amplitudes. 

(iii) Usually that point in the medium will always be node 
which is held fixed (pulley in Fig. 10.9). In a resonating water 
tube, the water surface (Fig. 10.12) and, in a closed pipe, the 
closed end of the pipe function as ‘fixed ends’ of the vibrating 
system. 


D. 10.26 Antinode A point on a stationary wave which under- 
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FIG. 10.9 Some of the modes 
of the stationary waves formed in 
a taut string. A wave is sent down 
the string by the tuning fork. The 
reflected wave generated at the 
pulley travels in the opposite 
direction. 
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FIG. 10.10 Some of the modes 
of vibration of a one end close 
pipe. Allthe even harmonics are 
absent. 
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FIG. 10.11 Some of the modes 
of vibration of a both end open 
pipe. All the harmonics are pre- 
sent. 
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goes the maximum displacement throughout one cycle (see 
Fig. 10.9). 

WRITTEN REPRESENTATION A 

notes (i) The distance between two successive antinodes is 4/2, 

(ii) Between two consecutive nodes, there is always one anti- 
node and, between two consecutive antinodes, there is always 
one node. 


10.6 VIBRATING AIR.COLUMNS 


The confinement of any elastic fluid in pipes can be used for 
systematic study of resonance. For example, air in a pipe open 
at one end can sustain stationary waves of certain natural 
frequencies, whereas air in a pipe open at both ends sustains a 
different series of natural frequencies. All wind-instruments in 
music, like the shehnai, the flute, the trumpet, etc. employ 
resonating air-columns. 


D. 10.27 Resonant Frequency of the Pipe A natural frequency of 
the pipe, at which the air within it vibrates in resonance. 

Notes (i) A pipe has a series of resonant frequencies, called 
harmonics. 

(ii) Stationary waves can be formed in the pipe only when 
the frequency of the source is equal to one of the resonant fre- 
quencies of the pipe. 


D. 10.28 Fundamental Frequency The minimum possible fré- 
quency of vibration of a system. 

NOTE The fundamental frequency is the ‘first harmonic’, The 
second harmonic has a frequency twice that of the fundamental 
frequency; the third harmonic has a frequency three times that 
of the fundamental frequency, and soon. In general 
the frequency of the n harmonic = nx fundamental f reuen 


D. 10.29 Overtones The frequencies produc 
system other than the fundamental frequency, 

NOTE When air is blown gently into 
having only the fundamental frequency are Produced. If, how- 
ever, the air is blown harder, a pipe will produce “eo of the 
overtones besides the fundamental frequency, 


ed by the given 


a pipe, sound waves 


D. 10.30 Mode of Vibration (of a system) A 
tion or arrangement of nodes and antinode 
waves are formed in the system. 

NOTE The simplest possible mode of 
the resonating frequency is equ 


Particular combina 
s for which stationary 


; Vibration occurs when 
al to the fundamental frequency 
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MODES OF VIBRATION OF AIR COLUMNS 


(i) Pipe open at one end At the open end, the air is free to 
vibrate with the maximum amplitude, whereas, at the closed 
end. the air is confined to the minimum amplitude. Hence, 
always, an antinode is formed at the open end, and a node is 
formed at the closed end of the pipe. An incident wave, travell- 
ing from the open end, is reflected at the closed end. The 
stationary wave, formed by the combination of the incident and 
the reflected wave, has several possible modes of vibration 
(Fig. 10.10). 

(ii) Pipe open at both ends Here, at both ends, the air is free tc 
vibrate with the maximum amplitude. Hence, always, antinodes 
are formed at both ends. The incident wave, travelling from 
one open end, is reflected at the other open end. The stationary 
wave thus formed has several possible modes of vibration (Fig. 
10.11). 7 

nores (i) In the actual case, the antinode is formed somewhere 
just outside and not exactly at the open`end of the pipe. 

(ii) From Fig. 10.10 and Fig. 10.11, one may get the 
impression that in the air columns transverse stationary waves 
are formed. This is, however, not the case. In fact longitudnal 
stationary waves are formed. Since the displacement curve for 
the longitudinal waves is like a transverse stationary wave (see 
Fig. 10.3), we have actually drawn a displacement curve for 
better understanding. 


D. 10.31 End Correction A measure of how far the actual anti- 
node is formed from the open end of the pipe. 

TYPE OF QUANTITY Scalar 

WRITTEN REPRESENTATION € 

SPECIFICATION The distance between the actual position of the 
antinode and the position of the open end of the pipe. Measured 
in metre (m) 


D. 10.32 Resonating Air-Tube Experiment The apparatus used to 
study the resonance in the air tube is as shown in Fig. 10.12. 
FORMULA From Fig. 10.12 


A 3A Bi) Sie 
Li} een hg E ee ee 5 or, 
ade= -L+ $ = -HM (E. 10.9) 


Since the frequency of the tuning fork. v, is known, the velocity 
of sound is calculated from the relation » = vÀ. 


14] 


Tuning fork 


Variable _ 
air column: 


Water 
reservoir 


(c) 


Rubber tube 


@ (b) 

FIG. 10.12 Resonating air tube 
experiment. The apparatus con- 
sists of a long glass tube joined to 
a water reservoir by a rubber 
tube. The water level in the 
glass tube is changed by lowering 
or raising the water reservoir. A 
vibrating tuning fork is placed 
at the mouth of the glass tube. 
The water level which is maximum 
in the glass tube is lowered till 
a loud sound is heard. Note 
the position of the water level. 
Keep decreasing the water level 
till a loud sound is again heard. 
Note this position of the water 
level. Repeat this experiment with 
two or three different tuning 

sks. 
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FIG. 10.13 Some of the modes 
of vibration of a taut string. 


REVISION IN PHYSICS 
NOTE A should not be calculated from the first reading alone. 


10.6 VIBRATING STRINGS 


A taut string, held fixed at two ends, is like any other elastic 
medium capable of vibration. Its vibrations produce sound waves, 
in a stringed musical instrument like the sitar, the tanpura, the 
veena, the violin, etc. 


MODES OF VIBRATION OF STRETCHED STRINGS Since both the ends 
of a stretched string are fixed, it vibrates with zero amplitude at 
each end and produces a node there. An incident wave travell- 
ing down the string is reflected from each end to produce a 
stationary wave, which has several possible modes of vibration 
(Fig. 10.13). 

Law 11 MERSENNE’S LAW OF VIBRATING STRINGS 
The frequency of vibration of a stretched string is 
(i) inversely proportional to its length, 


va + , or vl = constant (E. 10.10) 


(ii) proportional to the square root of the tension in the 
string, 
vaa/T, or v = constant x VT (E. 10.11) 


(iii) inversely proportional to the square root of the mass per 
unit length of the string, 


1 ome 
va E YX 4/m = constant (E.10.12) 
Combine E 10.10, E. 10.11 and E. 10.12 to obtain 


W hf Foy so PB 
v = constant X + /2 = 3] = (E. 10.13) 


where n = 1 for first harmonic, n = 2 for second harmonic, etc. 
D. 10.33 Sonometer An instrument constructed basically to study 
the behaviour of the vibrating strings, 

CONSTRUCTION See Fig. 10.14 (a). 

WORKING See Fig. 10.14 (b). 
D. 10.34 Infrasonic The longitudinal waves of frequency less than 
20 Hz. 

NotEs (i) These are not heard by the human ears. 

(ii) During an earthquake infrasonic waves pass through 
the earth crest. The heart vibrates at infrasonic frequencies. 


D.10.35 Ultrasonics The longitudinal waves of frequency greater 
than 20 000 Hz (20 kHz). 
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FIG. 10.14 (a) A sonometer. The vibrating length of the wire 1s the portion of the wire length between 
two movable bridges A and B. A rider made of paper in the shape of inverted V is placed at the middle 
of the wire between the two bridges. (b) The stem of a vibrating tuning fork is placed over the top of the 
sonometer. The vibrating length of the wire is changed by the bridge B till the paper rider flies off the 
wire. The distance between the two bridges is then the vibrating length. The experiment is repeated for 
different weights, tuning forks and wires of different material. 


Res 
sources (i) Galton’s whistle: This is shown in Fig. 10.14. It y soe gs 


produces longitudinal waves of frequencies between 3kHzto 50» PAA 
Direction of 


kHz. 3 
(ii) Crystals: The vibrations of certain crystals (quartz, zinc erin 
oxide, barium titanate, etc.) under the influence of an applied 


alternating voltage produce ultrasonics of frequencies upto well 
above 10 GHz. FIG. 10.15 Galton’s whistle. A 
APPLICATIONS In recent times, ultrasonics have Bean T ys oes of compressed air forced 
less i hysical and chemical process: in flow through the circular opening bet- 
more: Orlessan ava Jer aA : H 7 i ween two cylinders A and B falls 
detection, in the sonar (see below), in guidance systems forblind on the resonant cavity and sets 
people, in removing grease and dust particles from dirty the piston C in vibration. The 
clothes in counting and in quality control. It is also used very frequency of the longitudinal 
widely in medical diagnosis, the chief advantage being that at aa ee ig vel r3 i 
low power it does not damage living tissues, unlike X-rays. 7.5 mm. vis the velocity of sound. 
NOTES (i) The human ear cannot hear ultrasonics, but dogs, 
birds, bats and some kinds of fish can ‘hear them. 
(ii) Ultrasonics are produced by bats, dolphin fish and many 


other animals. 


Annular 


slit piston C 


Oscillator 


++ 4 + 


kewa 


++ 
( 


(a) (b) c) 
FIG. 10.16 (a) (b) The quartz crystal contracts Or expands depending on the nature of the electric 
charge on the opposite faces of the plate. (c) When the frequency of the alternating voltage becomes 


equal to the natural frequency of the crystal, resonance occurs and the crystal starts vibrating. The con- 


traction of the crystal produces a rarefaction and the expansi 
the medium. 


on of the crystal produces a compression in 
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FIG. 10.17 Sonar. An ultra- 
sonic wave sent by a device fitted 
at the bottom of the ship is reflec- 
ted by an object. The reflected 


wave is again received by the ship. , 


The time taken by the wave to 
travel to the object and return 
gives the distance of the obiect 
from the ship provided the speed 
of the ultrasonic wave in the 
medium is known. 
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* D. 10.36 Sonar ( from: SOund NAvigation Ranging) A method of 


investigating the depth of submerged objects by transmitting 
ultrasonic waves and receiving the reflected waves. 


. MATHEMATICAL EXPRESSION If the ultrasonic wave travels a dis- 
tance d from a sonar device on a ship to an object, and is reflect- 
ed back to the receiver on the ship in a total time z, the speed 
of the wave is 


If v is known and t is measured. 


ot 
ea Ry (E. 10.14) 

NOTES (i) Ultrasonic is used because (a) these cannot be con- 
fused with the audible sound generated by the ship’s engine and 
(b) these can penetrate sea water to a greater distance than the 
other longitudinal waves. 

(ii) The reflected wave not only gives the depth, but the detail- 
ed study of it tells us the nature of the surface as well. 

(iii) All modern fishing vessels are equipped with a fish-finder, 
known as a fish lens, which can ultrasonically find the depth of 
fish shoals. 

(iv) The dolphin fish can detect an individual fish and also its 
kind from a distance of 50 m. 


(v) Bats and certain birds can fly in darkness because of a 
sonar system of their own. 


SOLVED EXAMPLES 


EXAMPLE 10.1 The frequency of the first swar 
Sa in Hindustani classical music system is 240 
Hz. Determine the time period of the sitar wire 
which wiil emit this swar. 

Solution » = 240 Hz. 


po 1 
~ 240 cycle s~! 


Answer The time period of the sitar wire pro- 
ducing the swar Sa is 0.004 17s. 

NOTE The word cycle is not a unit but simply 
a descriptive word. In equations it is either not 
written at all or dropped after one step. 


= 0.004 17s. 


EXAMPLE 10.2 A transverse wave 1s sent down 
along a taut string by moving one end up and 
down 10 times per second. A crest moves 30 cm 
along the string in 20s. Find (i) the frequency, 
(ii) the speed, and (iii) the wavelength of the 
transverse wave in the string. 

Solution (i) v = frequency of the transverse 
wave = number of times end of the string moves 
up and down = 10 Hz. 

(ii) v = speed of the wave =the distance 
moved by a crest in 1s 

— 30cm _ 0.30 m 
Ts ADS 2s 


= 0.15 ms™! 
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ae 0.15 ms7! 
Nes ext Ene AER eats 
(iii) wavelength z 10 Hz 
= 0.015 m. 


Answer The frequency, the speed, and the 
wavelength of the transverse wave are 10 Hz, 
0.15 m s~! and 0.015 m, respectively. 


EXAMPLE 10.3 A wire of the veena produces a 
sound wave, in air, of wavelength 1.7 m. Calcu- 
late. the number of vibrations made by the wire 
while the sound wave travels 1020 m. 

Solution A= 1.7 m, and v = 340 m Sk 


v _ JAO m aeea 
5 aman 200, Hz. 


If z is the time taken by the sound to travel 1020 
m, we have, 


y = 


Hel distance traveled by the sound wave 
velocity of the sound wave 
_ 1020m__35 
340 m s~! F 
Number of vibrations made by the veena wire 
in 3 s = 3 sX 200 Hz = 600. 
Answer The veena wire will make 600 vibra- 
tions when the sound wave has travelled a dis- 
tance of 1020 m. 


ExamrLe 10.4 A tuning fork of frequency 510 
' Hz produces, in air, a longitudinal wave. Find 
the distance between a compression and an 
adjacent rarefaction of the longitudinal sound 
wave, 
Solution v= 510 Hz, and v= 340 m st. 
A = v/v = 340 ms7/510 Hz = 2/3 m. The dis- 
tance between a compression anda rarefaction 
=1/2xthe distance between two adjacent 
compression Or rarefaction = 1/2 X A= 1/2X 
2m/3 = 1/3 m. 
Answer The distance between a compression 
and an adjacent rarefraction of the longitudinal 
wave is 1/3m. 


Exampece 10.5 A man sitting on the seashore 
observes that in 40 seconds 10 crests of a trans- 
verse water wave fall on the shore (he started 


Sandeep are 
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counting from the moment a crest has crashed 
on the shore). Each crest is 1 m above the nor- 
mal sea-level and the distance between two 
adjacent crests is 50.0 m. Determine (i) the 
amplitude, (ii) the frequency, (iii) the wave- 
length, and (iv) the speed of the water wave. 

Solution (i) A = amplitude = height of the 
crest as measured from the normal sea level = 
1 m. : 

(ii) à = the distance between the two adja- 
cent crests = 50 m. 

(iii) » = the number of crests falling on the 
shore per second = 10/40 s = 0.25 Hz. 

(iv) v= = 50 m X 0.25 Hz = 12.5m si; 

Answer The various water wave parameters 
are: (i) the amplitude = 1 m, (ii) the wave- 
length = 50 m, (ii) the frequency = 0.25 Hz, 
and (iv) the wave velocity = 12.5 ms! 


EXAMPLE 10.6 The frequency and the wave- 
length of the sound waves produced, in air, by 
340 Hz and 100 cm, 
respectively. Calculate the frequency of Tinu’s 
voice if the wavelength of the sound waves 
produced by him, also in air, is 80.0 cm. 

Solution For sound waves produced by 
Sandeep : v = 340 Hz, à = 100 cm =1 m, and 
pana 1 x s40 Hz 340 m s™!. Since 
both Sandeep and Tinu are producing waves in 
air, the velocity of the wave produced by both 
of them is equal. If vı is the frequency of the 
sound waves emitted by Tinu, then 


Ar vı = 340 m s74 or 


340 ms! 
0.80 m 425 Hz. 


mP 


Answer The frequency of. Tinu’s voice is 
425 Hz. 


ExamPLE 10.7 In an air tube, stationary waves 
are formed. One sound wave of wavelength 17 
cm travels along the positive x-axis, Determine 
(i) the direction of propagation of the second 
sound wave, (ii) the wavelength of the second 
wave, and (iii) the distance between two suc- 
cessive nodes and two successive antinodes. 
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Solution Stationary waves are formed when 
three conditions are fulfilled (a) two waves 
travel in the medium in opposite directions, 
(b) the wavelengths of the two waves are equal, 
and (c) the waves travel with the same speed. 

(i) The direction of the propagation of the 
second wave = opposite to that of direction of 
propagation of the first wave = along the nega- 
tive x-axis. 

(ii) The wavelength of the second wave = 
wavelength of the first wave = 17 cm =0.17 m. 

(iii) The distance between two successive 
nodes = tne distance between two successive 
antinodes = A/2 = 0.17 m /2 = 0.085 m. 

Answer The second wave has a wavelength 
0.17 m. and travels along the negative x-axis. 
The distance between two successive nodes and 
two successive antinodes is 0.085 m. 


Examp.e 10.8 Find the fundamental frequency 
and frequency of the first overtone of a pipe of 
length 0.34 m: (i) with one end open, and 
(ii) with both end open. 

Solution (i) Fer a pipe open at one end The 
fundamental tone is produced when the length 
of the pipe = A/4 (see Fig. 10.10). 


À 
g = 0.34 m. or 
A= 0.34 mx 4 = 1.36 m. 
a oeae BADSTU: 
OE es 


The freġuency of the first overtone = 3 x fun- 
damental frequency = 3 X 250 Hz = 750 Hz. 

(ii) For a pipe open at both ends The funda- 
“mental tone is produced when the length of the 
pipe = A’2 (see Fig. 10.11). 


The frequency of the first overtone = 2 ~ fun- 
damental frequency = 2 x 500 Hz = 1000 Hz. 
Answer For a pipe open at one end, the 
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fundamental frequency and frequency of the 
first overtone are 250 Hz and 750 Hz, respecti- 
vely and, for a pipe open at both ends, these are 
500 Hz and 1000 Hz, resnectively. 

ExaMPLE 10.9 A pipe open at one end has the 
same fundamental frequency as that of a pipe 
open at both ends. If the length of the pipe open 
at one end is 0.2 m, find the length of the 
pipe open at both ends. 

Solution Since the frequencies of both the 
pipes are same, the wavelength of the sound 
produced by them will also be equal. From Fig. 
10.10 we note that, 


+ = Length of the pipe open at one end 


= 0.2 m, orA = 0.8 m. 
From Fig. 10.11, 
Length of the pipe open at both ends = 4 


_ 0.8m _ 
RRR = 0.4 m. 


Answer The length of the pipe open at both 
ends is 0.4 m. 


EXAMPLE 10.10 In a sonometer experiment, a 
certain length of the wire has frequency of 300 
Hz. Determine the frequency of the wire if 
(i) the tension remains the same but the vibrat- 
ing length is doubled, and (ii) the vibrating 
length remains the same but the tension in- 
creases ninefold. 


Solution From the laws of strings, 
(a) »X1 = constant, when tension is cons- 
tant, 


(b) » = constant V T, when length is cons- 
tant, 


(i) v1 = 300 Hz, hh = l}, h = 21, and v =? 
azl = vili, or 
pe ETC): Corot ae 
12 iE SRE Ae 190 Hz, 


(ii) a a! 300 Hz, Ti = 


n=? 


R Ta= 9°T; and 
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soe STE or 
yi FT" 
i= = 
Se Sat JE- so nex JF 
= 900 Hz. 


Answer When the length of the wire is 
doubled, the frequency becomes 150 Hz and, 
when the tension increases ninefold, the fre- 
quency becomes 900 Hz. 


EXAMPLE 10.11 Ina resonance tube experiment, 
a tuning fork of frequency 384 Hz is sounded 
over the open end of the tube. There isa 
resonance when the length of the air column is 
21.0 cm, and again when it is 65.0 cm. Deter- 
mine (i) the velocity of sound in air, and (ii) the 
end correction for the tube. 

Solution From Fig. 10.12, we note that the 
first resonance Occurs when 


LteoXaUemte=O2mte (A). 


The second resonance occurs when 


Lite= p= 650m 4e=065m+e (B) 
Subtract (4) from (B) 


A 
anes 0.44 m, or A = 0.88 m. 


(i) v= dv = 0.88 mx 384 Hz = 338 ms". 
(ii) From (A), e = x —0.21m= 0.22 m 
— 0.21 m= 0,01 m. 
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Answer The velocity of the sound in air is 
338 m s~!, and the end correction is 0.01 m. 


ExaMpLce 10.12 A sonar device, used for 
measuring the depth of the ocean by the method 
of echo-sounding, emits ultrasonic waves of fre- 
quency 34 kHz. When it is fixed at the bottor 
of a ship, an echo of the signal sent by the sonar 
device is received after 5 s. Determine (i) the 
wavelength of the ultrasonic wave, (a) in the 
air, and (b) in the water, and (ii) the depth of 
the ocean-bed. 

Solution Vair = 340 m s~! and Uwaer = 
1400 m s™'. The frequency of the sonar device 
is independent of the medium surrounding it. 
v = 34 kHz = 34 000 Hz. 


: BO he ides Cis 340 ms! 
(i) @ dir = —\~ = “34 000 Haz 
= 0,01 m. ine 5 
__ Uwaret __ 1 ms_ 
(b)  Awaer = = 34 000 Hz 
= 0.041 m. 


(ii) Let d be depth of the ocean. The ultra- 
sonic wave travels a distance 2 din time t. 
Hence, 

> d = t dwmer = 5 SX 1400 m s™, or 
-1 
ga 5sx1400 ms _ 3500 m. 


Answer (i) segs elie of the ultrasonic 
wave emitted by the sonar device (a) in air, 
and (b) in water is 0.01 m, and 0.041 m, 
respectively. (ii) The depth of the ocean is 
3500 m. 


PROBLEMS 


When a wave passes through a medium, a particle 
of the medium moves 1 cm from one extreme 
position to another extreme position. Determine 
the amplitude of the wave. 

What will be the maximum displacement ofa 
particle of the medium from its equilibrium posi- 
tion ifa wave of amplitude 0.1 mm is sent down 
the medium? 


10.2 


10.3 What will be the frequency of a vibrating body 
of time period 0.1 s? 

Calculate the time period of a tuning fork of 
frequency 400 Hz. 

The Delhi A radio station broadcasts its pro- 
gramme at radio waves of wavelength 366.3 m. | 
Ifthe speed of these waves is 3x10% m Ss”, 
determine (i) their frequency, and (ii) the distance 


10.4 


10.5 
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10.6 


10.7 


10.8 


10.9 


10.10 


10.11 


10.12 


10,13 


10.14 


10.15 


10.16 


10.17 


between the first and the third trough. 

It has. now been established that a wave is asso- 
ciated with every moving particle. “A particle 
behaves sometimes as a particle and sometimes 
as a wave. Find the frequency of the wave asso- 
ciated with an electron moving with speed 1.0x 
107 m s~!, having a wavelength of 7.2 14-4 m. 
Bats can emit ultrasonic waves with a minimum 
wavelength about 33 cm. What is the time period 
of the membrane which will produce these waves 
in air? 

A crest of a water wave travels 200 cm is 2.0 s. 
Find the time period of the vibration of a piece 
of paper lying on the water surface, if the dis- 
tance between two adjacent crest is 125 cm. 

The speed and the wavelength of a water wave in 
a swimming pool are 10 m s-1, and 2 m, respecti- 
vely. How many crest of the wave will pass in 1 s 
through a point on the path of the wave? 

In a ripple tank, a tuning fork generates trans- 
verse water waves. The distance between two 
adjacent crest of the water wave is 1.4 cm. A 
crest travels a distance 25.2 cm in 2 s. Find (i) the 
wavelength, (ii) the speed of the water wave, 
and (iii) number of vibrations made by the tuning 
fork in 10 s. 

The highest ffrequency of the ultrasonic waves 
produced by man is about 60 GHz. Calculate 
(i) the distance between two compressions of the 
ultrasonic wave in air, and (ii) the time period of 
the body which will produce the ultrasonic wave, 
In a coiled spring, the distance between two 
rarefactions of a longitudinal wave is 3 cm. If 
the frequency of the wave in the coiled spring is 
10 Hz, find the speed of the wave. 

A wave of frequency 100 Hz and of wavelength 
1.1 m is travelling through a medium. How much 
time will a rarefaction take in travelling a distance 
of 250 m? 

A vibrator produces a longitudinal wave of wave- 
length 1.7 m in a liquid. How much distance will 
the wave travel while the vibrator completes 100 
vibrations? 

The wavelength, of a longitudinal wave of fre- 
quency 170 Hz, in air, is 2.2 m. In water this 
wave has the wavelength 10 m. Compare the 
speed of the wave in air and water. 

A sitar wire starts vibrating when a tuning fork 
of frequency 256 Hz is brought near it. What is 
the natural frequency of the sitar wire?. with what 
other frequencies can the sitar wire vibrate? 


What will be the distance between two successive 
nodes if the distance between two successive 
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antinodes is 0.5 m? 

10.18 In a stationary wave, the distance between the 
first and the third antinode is 68 cm. Determine 
the velocity of the wave, if its frequency is 1000 Hz. 

10.19 In Fig. 10.9, the string is 2m long and is driven 
by a tuning fork of frequency 600 Hz. Find (i) 
the wavelength of the wave, and (ii) the speed of 
the wave on the string. 

10.20 The human vocal chord can be considered as a 
pipe of length 17.0 cm open at one end. (The 
closed end is at the vocal chord and the open end 
at the mouth and nose). What are the frequencies 
which lie between the normal speech frequencies 
(300 Hz to 3000 Hz)? 

10.21 The outer ear can be thought of as a pipe .0.027 
m long with one end closed. Determine the fre- 
quency of the sound waves which can be detected 
most effectively by the ear. 

10.22 Find the fourth harmonic of the fundamental 

> tone of frequency 100 Hz. 

10.23 If the fifth harmonic has a frequency of 1000 
Hz, determine the frequency of the first'har- 
monic. ; 

10.24 The first wire of the tanpura is adjusted such 
that, in the fundamental mode of vibration, its 
frequency is 160 Hz (Ma of mand saptak). What 
are the fre-quencies of the first two overtones? 

10.25 Some wind musical instruments, like the organ 
pipe have a large number of pipes open at both 
ends, of different lengths. In one such instrument 
the fundamental frequency of the longest pipe is 
found to be 16.35 Hz. How long is the pipe? 

10.26 What is the shortest length of a tube closed at 
one end which will resonate with a source pro- 
ducing sound waves of wavelength 40 cm? 

10.27 What should be the minimum length of a pipe 
closed at one end which resonates to the third 
harmonic of a pipe open at both ends of length 
60 cm? 

10.28 A source produces loud sounds over open tubes 
of length 1.0 m, 1.25 m, and 1.50 m. Determine 
(i) the wavelength of the sound source, and 
(ii) the frequency of the source. 

10.29 A wire on a veena of length 1 mis tightened 
until its fundamental frequency becomes 360 Hz 

(Pa). To what other frequencies can it resonate? 

10.30 When two bridges in the sonometer are 50.0 cm 
apart, the stretched wire of the sonometer reso- 
nates with a tuning fork of frequency 212 Hz. 
Determine the frequency of the tuning fork which 
will produce resonance when the bridges are 
80.0 cm apart. In both the cases, the wire vib- 
rates only in the fundamental mode. 


Miscellaneous Problems 


Chapter 7 MEASUREMENTS 
. 1.1 What do you understand by the term ‘measure- 
ment’? 

Explain the term ‘physical quantity’. Give three 

examples of (i) physical quantities and (ii) non- 

physical quantities. 

Explain the terms (i) 

(ii) ‘derived units’. 

each, 

Name all the base SI units, mention the phy- 

sical quantities they are used for, and specify 

their symbols. 

What are the base SI units used in (a) mechanics 

and (b) heat? 

Name the derived SI units associated with the 

following physical quantities: (i) force, (i1) ener- 

gy, and (iii) electric charge. 

What are the physical quantities associated with 

the following SI units: (i) second, (ii) candela, 

(iii) radians, (iv) hertz, and (v) pascal. 

Q. 1.8 Write the SI units of each of the following 

quantities: (i) velocity, (ii) area, (iii) volume, (iv) 

density and (v) stress. 

Discuss the concept of significant figures. 

The lengths of two objects measured by two 

different instruments are reported to be 1423 

cm, and 3.24 cm, respectively. Which observa- 

tion is more accurate? 

. 1.11 How many significant figures will the represen- 
tation of a measurement of a rod of length 
between 1cm and 2cm have if it is measured 
by means of (i) metre scale (ii) vernier callipers 
and (iii) screw gauge? 

1.12 An instrument has a least count of 1 mm. Can 
it be used to measure a fraction of a millimeter? 

. 1.13 Write down the name of the instruments which 

could be used for the following measurements: 


t2 


‘fundamental units’ and 
Give two examples of 


Q. 1.3 


Q. 1.4 


1.7 


. 19 
1.10 


love) 


fe) 


Q. 1.15 (a) Explain, with the 


(i) the length of a rod about 5 cm long, correct 
to 1 mm, (ii) the internal diameter of a tube of 
the order of 2 cm, (iii) the diameter of a wire of 
the order of 0.009 cm, and (iv) the mass of an 
object correct upto | g. 


Q. 1.14 Explain the principle of the vernier. How would 


you find its least count? 

help of a neat diagram, 
the construction and working ofa vernier calli- 
pers. (b) How can the instrument be used to 
measure (i) the inner diameter of a tube, and 
(ii) the depth of a bowl? 

. 1,16 Name the factors on which the least count of 
the following instruments depend: (i) vernier 
callipers, (ii) a screw gauge, and (iii) an electri- 
cally maintained vibrator. 

. 1.17 (a) Describe the principle and working of a 
screw gauge with the help of a neat diagram. 
(b) What are its advantages and disadvantages 
over vernier calipers? (c) How will you deter- 
mine the pitch of a screw gauge? 

Q. 1.18 Why is a screw gauge also sometimes known as 

a micrometre screw gauge? 

Q. 1.39 How can the least counts of the following ins- 
truments be decreased: (i) vernier callipers, (ii) 
a screw guage, and (iii) an electrically main- 
tained vibrator? 

. 1.20 (a) Define the term “zero error’. (b) What kinds 
of zero errors are obtained in practice? (c) How 
would you determine it for (i) a screw gauge and 
(ii) vernier callipers? 

Q: 1.21 What is backlash error? Can it be present in 

vernier callipers? How do you determine it? 

Q. 1.22 Describe the construction of a physical bal- 

ance. Explain briefly the principle underlying 
the measurement of mass. 
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Q. 1.23 List the qualities of a good balance. On what 
factors does the sensitivity and accuracy of a 
balance depend? 

Q. 1.24 Explain briefly the principle of the measure- 
ment of time. What is the accuracy of a mecha- 
nical watch? Describe a time measuring instru- 
ment which can measure time accurately upto 
0.001 s. 


Chapter 2 VECTORS AND SCALARS 


Q. 2.1 Explain clearly the difference between a vector 

quantity and a scalar quantity. Give at least 

five examples of each kind. 

Describe the methods of representing a vector 

(i) graphically, and (ii) algebraically. 

Classify the following quantities either as vec- 

tor (V) or as scalar (S): area, volume, density, 

pressure, force, breadth, displacement, height, 

distance, thickness of a book, time, velocity, 

mass, speed, heat, temperature, energy, electric 

current, potential. 

State the conditions satisfied by (i) equal vec- 

tors, and (ii) two antiparallel vectors. 

When will the magnitude of the sum of two 

vectors be (i) maximum, and (ii) minimum? 

Can the resultant of two unequal vectors be 

zero? Explain. 

Will the magnitude and direction of A+B be 

same as that of B+A? 

Consider two vectors B—A and A—B. Can they 

be equal? Can they have same direction or 

magnitude? Explain. 

Is there any difference in the addition of two 

scalars and two vectors? Justify your answer. 

Q. 2.10 What is the Jaw of parallelogram of addition of 
two vectors? Explain it with the help ofa neat 
diagram. 

Q. 2.11 How willyou obtain the sum of two vectors 
inclined to each other? 

Q. 2.12 How will you obtain the resultant of two per- 
pendicular vectors (i) graphically, and (ii) alge- 
braically? 


Q. 2.2 


Q. 2.3 


Q. 24 
Q. 2.5 
Q. 26 
Q. 2.7 


Q. 2.8 


Q. 2.9 


Chapter 3 TYPES OF MOTION 


Q. 3.1 Define the following terms and specify their SI 
units: (i) displacement, (ii) speed, (iii) average 
velocity, (iv) acceleration, and (v) angular 
speed. 

What is the difference between the distance 
moved by a body and displacement of a body? 
Illustrate your answer with neat diagrams for 
linear motion and for non-linear motior 


REVISION IN PHYSICS 


Q. 3.3 Can the distance moved by a body be equal to 
the magnitude of the displacement? Explain. 
An athelete runs along a circular path of radius 
R. What is his displacement from the starting 
point if he has moved (i) quarter, (ii) half, and 
(iii) full circle. 

Give arguments to justify the statement ‘velo- 

city is a vector quantity’. 

(a) Distinguish clearly between the average 

speed and the average velocity of a body. (b) 

Give pne example of the cases when the speed 

is equal to the magnitude of the average velo- 

city and when it is not. 

Can the ‘average velocity of a body be zero 

while its speed is not zero? Give two examples 

to support your answer. 

Define (i) unit velocity, and (ii) unit accelera- 

tion. 

Can a body moving due east have acceleration 

due west? Explain. 

Q. 3.10 Can a body have an acceleration in a direction 
different from the direction of its velocity. 
Give two examples. 

Q. 3.11 State the conditions under which a body can 
have (i) no velocity but finite acceleration, (ii) 
an acceleration but constant speed, and (iii) 
velocity with no acceleration. Give examples for 
each case. i 

Q. 3.12 Define the term ‘uniform motion’ with exam- 
ples, 

Q. 3.13 Does a negative acceleration in linear motion 
necessarily impty that a body is slowing down? 

Q. 3.14 Can a negative acceleration be positive accele- 
ration to some person? 

Q. 3.1$ Which physical quantity remains constant when 
(i) a body is at rest, (ii) a body is moving with 
constant velocity, and (iii) motion is uniform. 

Q. 3.16 A body moves with uniform velocity. What is 
the relation between (i) initial, final and avera- 
ge velocities, and (ii) distance travelled, initial 
velocity and time elapsed? 

Q. 3.17 What is the relation between initial, final and 
average velocities for a body moving with con- 
stant acceleration? 

Q. 3.18 What type of graph should one expect, for 
linear motion, between displacement and time 
for (i) a body moving with zero velocity, (ii) a 
body moving with constant speed, (iii) a body 
moving with constant acceleration, and (iv) a 
body moving with constant deceleration? 

Q. 3.19 Draw the speed-time graph for the four cases 
listed in question 3,18. 

Q. 3.20 A body is thrown vertically upward and it re- 
turns to the earth after a while. Draw (i) a dis- 


Q. 3.4 


Q. 3.8 
Q. 3.9 
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Q. 3.22 


. 3.24 


i 32S 


. 3.26 


Q. 3.27 


Q. 3.28 


placement-time graph, and (ii) a velocity-time 
graph. 

Do all bodies fall towards the earth with the 
same acceleration? 

Is acceleration due to gravity on earth the same 
everywhere in the universe? 

A steel ball of mass 100 kg. and a book of 
mass 3 kg are dropped from the second floor 
of Kutab Minar. Which body will strike the 
ground first? 

How can you determine the height of a building 
with the help of a stop-watch and an iron 
piece? 

(a) Define angular speed. (b) Establish a rela- 
tion between angular speed and linear speed 
for a body moving along a circular path. 

Two bodies are placed on a circular disc, one 
near the circumference and the other at a point 
midway between the centre and circumference of 
the disc. What is the ratio of the angular speeds 
of the two bodies when the disc is rotated? 
Which of the hands—seconds or minutes—in a 
watch has greater angular speed? 

‘The acceleration due to gravity is 9.8’. What 
is wrong with this statement? 


Chapter 4 THE MEASUREMENT OF 


Q: 4.6 


MOTION 


What are the units of (i) momentum, (ii) rate of 
change of momentum, (iii) force, (iv) weight and 
(v) inertia? 

What is the momentum of a body at rest? 

State Newton’s first law of motion. Explain 
the terms (i) state of uniform motion, and (ii) 
state of rest. 

What is ‘the inertia of a body’? What is the 
relation between the inertia and the mass of 
a body? 

Explain which law of Newton is applicable in 
each of the following cases: (i) as a car stops 
suddenly, a ball falls down from the car seat, 
(ii) a boxer breaks his hand as he breaks the 
jaw of his opponent, (iii) a piece of paper can 
be pulled from under a coin without moving 
it. 

Explain the following: (i) a person standing in 
a stationary bus falls backwards when the bus 
suddenly starts moving, (ii) a person standing 
in a running bus falls forward when the bus 
stops suddenly, (iii) a person should not jump 
out of a moving vehicle against the direction of 
motion. (What will happen if he does?) 


. 4.7 


4.8 
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4.15 
4.16 
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Q. 4.17 
Q. 4.18 


Q. 4.19 
Q. 4.20 


Q. 4.21 


Q. 4.22 


Q: 4.23 


Q. 4.24 
Q. 4.25 
Q. 4.26 


Q: 4.27 
Q. 4.28 
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What do you understand by the term force? 
Discuss its importance in daily life. 

Name the kind of force which is responsible for 
each of the following phenomena: (i) the force 
in the muscles, (ii) the force of reaction, (iii) 
the formation of atoms and molecules, (iv) the 
existence of the nucleus in an atom, (v) the for- 
ce between the earth and the sun, and (vi) the 
weight of a person. 

What do you understand by ‘theforce of one 
newton"? 

State Newton’s second law of motion. How will 
you verify it in the laboratory? 

Does a forte act on a body moving with uni- 
form velocity? Justify your answer. 

Can a force acting on a body produce no 
acceleration in it? Explain. 

What is the relation between (i) force and mass, 
and (ii) force and momentum? 

Explain clearly the difference between mass and 
weight. Can the weight of a body be zero? Give 
one example. Can the mass of a body be zsro? 
What are the laws of frictional forces? 

Two blocks made of wood, having the same 
mass but one having double the surface area 
of the other, are placed on the ground. Which 
block will offer greater resistance to motion? 
Give two examples where (i) frictional forces 
help us and (ii) they are not useful. 

Is the force of friction always present between 
two surfaces? 

Explain the law of conservation of momentum. 
Can two bodies moving in the same direction 
come to rest after a collision? 

A gun is mounted on a carriage which is allow- 
ed to move in any direction. The gun fires a 
shell northward. In which direction will the 
carriage move? 

Why does a person standing on ice move back- 
ward when he throws a ball forward? 

A person jumps from a stationary boat into 
water. (i) Will the boat move? and (ii) if yes, in 
which direction? 

State Newton’s third law of motion. Can it be 
applied to moving objects? 

State Newton’s law of gravitation, Give two 
examples where it plays an important role. 

If the distance between two bodies is doubled, 
what will be the change in the force of gravita- 
tion? 

Name the strongest force in nature. 

Explain why the recoil speed of a rife is much 
less than the speed of the bullet? 
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Q. 4.29 
Q. 4.30 
Q. 4.31 


Q. 4.32 


What do you measure by a spring balance, 
mass or weight? 

Why is a trade spring balance an 
measuring instrument? s 

Does action and reaction act on the same body 
or on different bodies? 

Give an example of the smoothest possible 
surface, 


illegal 


Chapter 5 WORK, ENERGY AND 


5.1 


Q. 5.2 


5.6 


5.7 
5,8 


Q. 5.9 
Q. 5.10 
Q. 5.11 
Q. 5.12 


Q. 5.13 


Q. 5.14 
Q. 5.15 


POWER 


Write the SI units of (i) work, (ii) power and 
(iii) electrical energy. 

(a) When does a force do work? (b) Write the 
expression for the work done by a force whose 
point of application moves along a direction 
making an angle to the direction of the force 
applied. 

Give an example when a force acts on a mov- 
ing body, yet no work is done. 

An aeroplane flies through an air current of 
high speed. It appears stationary relative to the 
earth. Is the aeroplane doing work? 

Explain the concepts (i) ‘work done by the 
body’, and (ii) ‘work done on the body’. 

Can the work done by a force be negative? 
Explain. 

Define Watt. 

Define the terms (i) energy, (ii) kinetic energy, 
(iii) potential energy, and (iv) mechanical 
energy. 

Name two kinds of mechanical energy. | 

Can potential energy be negative? 

Can kinetic energy be negative? 

Does the potential energy of a body depend 
upon the path followed by’ it in reaching its 
final position? Explain. 

Derive an expression for the potential energy 
of a body of mass m lifted to a height 4 above 
the ground level. 

On what factors does the kinetic energy of a 
body depend? i 

A ball is thrown horizontally and is caught by 
a. person sitting in a running train. Will the 
kinetic energy of the ball increase or decrease 
after it has been caught? 


Q. 5.16 Two bodies A and B have equal mass but the 


Q. 5.17 


momentum of body 4 is twice the momentum 
of body B. Determine the ratio of the kinetic 
energy of A to the kinetic energy of B. 

A ball is thrown vertically upward. What 


Q. 5.18 


Q. 5.19 
Q. 5.20 
Q. 5.21 


Q. 5.22 


Q. 5.23 


Q. 5.24 


Q. 5.25 


Q. 5.26 


Q. 5.27 
Q. 5.28 


Q. 5.29 
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happens to its kinetic energy at the top of its 
flight? 

What is the magnitude of the force that acts on 
a body of which the kinetic energy does not 
change throughout the course of its motion? 
Name the different forms of energy. 

Is energy a vector or a scalar quantity? 

State the law of conservation of energy. Can it 
be violated in any situation? 

Specify the various energy changes (i) during 
the operation of a nuclear reactor, (ii) when a 
car is stopped by means of its brakes, (iii) when 
an electric bulb is switched on,and (iv) when a 
piece of iron falls on to a metal surface froma 
height. 

Give one example of the conversion of kinetic 
energy to (i) potential energy, (ii) work done 
on another object, and (iii) work done against 
frictional force. 

Give one example of the conversion of poten- 
tial energy to (i) kinetic energy, (ii) work done 
on another object, (iii) work done against 
frictional force. 

Give one example of conversion of work done 
into (i) potential energy, and (ii) kinetic energy. 
Name the processes where the following con- 
version of energy from one form to another 
takes place: 

(a) Electric energy to (i) heat energy, (ii) light 
energy, (iii) sound energy, and (iv) chemical 
energy. 

(b) Sound energy to electric energy. 

(c) Chemical energy to electric energy. 

(d) Mass energy to (i) heat energy, and (ii) 
electric energy. 

(e) Heat energy to electric energy. 

(f) Potential energy to electric energy. 

(g) Work done to heat. 

Does the work done in lifting a box from the 
ground to a platform depend on how fast it is 
raised? 

Can a body have momeñtum without energy? 
Explain. Can a body have energy without 
momentum? 

Explain the following: (i) Energy stored in a 
clock. (ii) A driver speeds up his vehicle when 
he moves up a hill. (iii) The total energy of a 
body moving along a frictionless surface always 
remains constant, 


Chapter 6 MOMENTS AND EQUILIBRIUM 


Q 61 


Define the term torque. 


MISCELLANEOUS PROBLEMS 


. 6.2 Is torque a scalar? 
6.3 What are the SI units of torque and couple? 
6.4 List at least five instruments used in daily life 
which make use of torque in their operation. 
6.5 In order to unscrew a stuck nut, which will be 
more effective—a wrench of large handle or 
one of small handle? Explain. 
Q. 6.6 What do you understand by clockwise torque 
and anticlockwise torque? Give examples. 
Q. 6.7 When is torque clockwise or anticlockwise? 
Q. 6.8 In which direction will a body subjected to a 
clockwise torque rotate? 
Q. 6.9 What is a couple? 
Q. 6.10 Both torque and couple rotate a body. What 
then is the difference between them? 
Q. 6.11 About which point will a body subjected to a 
Q. 
Q 
Q 
Q 
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couple, rotate? 
6.12 List as many instruments as you can where the 
principle of couple is used. 

6.13 When is the torque of a force zero? 

. 6.14 Explain the principle of moments. 

6.15 State the conditions tobe satisfied by a body 
under translational equilibrium and rotational 
equilibrium. 

Q. 6.16 When will a body be in rotational equilibrium 
about a point if it is acted upon by three or 
four forces? 

Q. 6.17 A pivoted body is under rotational equilibrium 
when acted upon by three forces. Will it be in 
rotational equilibrium if the position of the 
pivot is changed? Explain. 

Q. 6.18 What is the minimum number of forces acting 
on a body so that it is (i) in translational equi- 
librium and (ii) in rotational equilibrium? 

Q. 6.19 Explain what is meant by centre of gravity of 
a body? Does it depend on its shape? Will it 
change if the body is deformed? 

Q. 6.20 Can the centre of gravity of a body lie outside 
the body? Give examples. 

Q. 6.21 Explain why for a suspended body at rest, the 
centre of gravity must lie vertically below the 
pivot. 

Q. 6.22 Describe a method of finding the mass of a 
metre scale using the principle of moments. 

Q. 6.23 Why does a metre rod suspended at the centre 
of gravity remain horizontal? Why does it tilt 
when the point of suspension is slightly shifted? 
Where should a small mass be suspended to 
make it horizontal again? 

Q.6.24 Describe a method of finding the centre of 
gravity of the following objects: (i) cardboard 
of irregular shape, (ii) a ring, (iii) a rectangu- 
lar plate, and (iv) a hockey stick. 
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Q. 6.25 Explain the following: (i) Why woes a rope- 
walker carry a long pole in his hand while walk- 
ing on a rope? (ii) Why does a person carrying 
a heavy suitcase in one hand tend to raise his 
other hand? (iii) Why does a person bend while 
pushing a cart full of heavy objects? (iv) Why 
are passengers in a boat not allowed to stand? 
(v) Why does a man bend forward while clim- 
bing a mountain and backward while desend- 
ing? (vi) While loading a truck why are heavier 
things placed first and lighter things over these? 
(vii) Why is a double decker bus more likely 
to overturn at a corner than an ordinary bus? 
(viii) Why is a truck loaded with grass more 
likely to overturn round a corner than a truck 
loaded with an equal weight of iron rods? (ix) 
Why is the handle in a grindstone fixed near 
the circumference? (x) Why is it easier to open 
the door when a force is applied farthest from 
the hinge? 

Q. 6.26 Explain with examples what you understand 
by stable, unstable and neutral euilibrium. 

Q. 6.27 How does the centre of gravity of a body in 
stable, unstable and neutral equilibrium change 
when it is slightly rotated. 

Q. 6.28 Discuss the kind of equilibrium of the follow- 
ing objects: (i) sphere floating in water, (ii) a 
man standing on one foot, (iii) a man standing 
on two feet, fiv) a metre scale balanced on a 
wedge, (v) a metre scale balanced on two wed- 
ges, (vi) a man sleeping on the floor. 

Q. 6.29 Discuss the condition for a body to overturn. 

Q. 6.30 Two boys Sandeep and Sanjay are sitting on a 
seesaw which is balanced. Sanjay is heavier 
than Sandeep. Who is nearer the pivot? 


Chapter 7 MACHINES 


Q. 7.1 What isa machine? Why is it needed? Name 
three basic machines. 
Define the terms: input force, output force, 
output arm, input arm, input displacement, 
output displacement, velocity ratio, mechanical 
advantage and efficiency. 
In a machine, the input force moves a larger 
distance than the output force. What can you say 
about the ratio of input force to output force? 
Can the efficiency of a machine be greater than 
100%? Why? 
When does the mechanical advantage equal 
velocity ratio? 
Q. 7.6 Inthe actual machine, which is greater, velocity 


Q. 7.2 


Q. 7.3 


Q. 7.4 


Q. 7.5 
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ratio or mechanical advantage? Explain briefly. 

Q. 7.7 What is an ideal machine? Derivea relation 
between mechanical advantage and velocity 
ratio of such a machine? 

Q. 7.8 Obtain a relation connecting mechanical advan- 
tage, velocity ratio and efficiency of a machine. 

Q. 7.9 What is meant by ideal mechanical advantage 
and actual mechanical advantage? Can they be 
equal? 

Q. 7.10 When will the mechanical advantage be greater 
than 1? 

Q. 7.11 When will the velocity ratio be less than 1? 

Q. 7.12 Derive the relation between input force, output 
force, input arm and output arm of a lever. 

Q. 7.13 What is a lever? How many kinds of levers are 
possible? Explain the various kinds of levers 
with the help of neat diagrams. 

Q. 7.14 Name the point which does not move in a lever. 

Q. 7.15 Name the kind of lever where the effort is grea- 
ter than the load. 

Q. 7.16 Draw a diagram of a lever having mechanical 
advantage less than 1. Mark input arm, output 
arm and fulcrum clearly. 

Q. 7.17 What is the main drawback of a lever? 

Q. 7.18 In a paper-cutting scissors, why are the blades 
longer than the handle whereas in the wire cut- 
ting scissors blades are much smaller than the 
handle? 

Q. 7.19 Why is the input arm in all levers in the human 
body always much smaller than the output 
arm? 

Q. 7.20 In the human body how can a small contrac- 
tion of a muscle move the load through a large 
distance? 

Q. 7.21 Describe an experimental set-up to determine 
mechanical advantage, velocity ratio and effici- 
ency of (i) a lever, (ii) a single moving pulley, 
(iii) an inclined plane and (iv) a screw jack. 

Q. 7.22 To which kind of lever do the following objects 
belong: (i) stapler, (ii) claw hammer, (iii) door, 
(iv) wheel and axle, (v) hand pulling down a 
spring, (vi) hand lifting an object upward and 
(vii) single moving pulley. 

Q. 7.23 What is a pulley? In which respect is a single 
pulley better then a lever? 

Q. 7.24 What are the two methods of combining pul- 
leys? Find the velocity ratio of each system 
having three pulleys. 

Q. 7.25 Give two cxamples of wheel and axle systems 
from daily life uses. 

Q. 7.26 Explain the construction and principle of a 
screw jack? 

Q. 7.27 Draw a pulley system using a single string with 
velocity ratio 5 and 10. 
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Q. 7.28 A barrel is moved over an inclined plane. Cal- 
culate the mechanical advantage when (i) the 
force is applied horizontally and (ii) the force 
is applied parallel to the inclined plane. Which 
method is better? Why? 

Q. 7.29 Explain the principle of a weighing machine. 

Q. 7.30 Derive an expression for mechanical advantage 
using the principle of work for (i) single pulley, 
(ii) wheel and axle, (iii) inclined plane, and (iv) 
screw jack. 


Chapter 8 PRESSURE 


Q. 8.1 
Q. 8.2 


Define pressure. What is its SI unit? 

What is the relation between pressure and 

force? 

Explain why pressure is a scalar quantity 

Why can a sharp needle pierce the skin more 

easily than a blunt needle? 

Give three examples where pressure is impor- 

tant and not the applied force. 

How can pressure be decreased or increased? 

Why does a column of liquid exert pressure? 

Derive an expression for pressure due to 2 

liquid column of height A. 

Q. 8.9 On what factors does liquid pressure depend? 

Q. 8.10 State the properties of liquid pressure. How 
would you verify two of them? 

Q. 8.11 Explain why the pressure on the base of a 
liquid container depends only on the height of 
liquid column above it and not on the total 
weight of liquid over it. 

Q. 8.12 Explain why large dams are built thicker at the 
bottom than at the top. 

Q. 8.13 Describe two experiments which demonstrate 
that air exerts pressure. 

Q. 8.14 Define pressure of one atmosphere. Can it be 
used as the unit of pressure? 

Q. 8.15 Air exerts a large pressure on our body. Why 
do we not feel it? Why are blood vessels likely 
to burst if we go on top of a high mountain? 

Q. 8 16 Does the atmospheric pressure decrease as one 
moves uphill? Why? 

Q. 8.17 Why does the atmosphere exert pressure? 

Q. 8.18 Name the instruments which measure pressure. 

Q. 8.19 How would you construct a simple barometer? 
What are its drawbacks? 

Q.-8.20 Will the reading of a simple barometer be diffe- 
rent if the tube bore is not of uniform dia- 
meter? 

Q. 8.21 What is there inthe empty space above the 

mercury column in the barometer tube? What 

is the name of the empty space? 


Q. 8.3 
Q. 8.4 


Q. 8.5 
Q. 8.6 


Q. 8.7 
Q. 8.8 
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Q. 8.22 How will the reading of the barometer be affec- 

ted if there is some gas at the top of the tube? 

Q. 8.23 What inference do you draw if the mercury in 
the barometer (i) drops suddenly, (ii) drops 
slowly and (iii) increases slowly? 

| 8.24 State Pascal’s law. How will you verify it? 

Name some instruments where it is used. 

8.25 Why is the braking system based on liquid pre 

ssure better than any other braking system? 

. 8.26 Discuss the construction and principle of a hy- 

draulic press? 

. 8.27 In a hydraulic press, the input piston moves a 
much larger distance than the output piston. 
Does it not violate the law of conservation of 
energy? Explain. 

. 8.28 What is the main difference between a liquid 

barometer and an aneroid barometer? 

8.29 Why is mercury preferred as barometer liquid 

rather than any other liquid? 

8.30 What is meant by absolute pressure, gauge pre- 

ssure and zero pressure? 
. 8.31 Do the following measure absolute or gauge 
pressure: (i) aneroid barometer, (ii) open tube 
barometer? 
Q. 8.32 What is the principle of an aneroid barometer? 
Describe an aneroid barometer with the help of 
a diagram. 

Q. 8.33 Discuss a manometer? If the gas pressure is 
very small which liquid will you use in a mano- 
meter? 
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Chapter 9 ARCHIMEDES’ PRINCIPLE 


Q. 9.1 
Q. 9.2 
Q. 9.3 


What is meant by buoyancy? 
What is the buoyant force? Where does it act? 
Are the centre of gravity and centre of buoy- 
ancy at the same point? Explain. 

What is the relation between volume of the 
displaced fluid and volume of submerged body? 
Obtain an expression for the force acting at the 
centre of gravity of the displaced fluid. 

What is meant by apparent weight of a solid? 
Is it a scalar? 

Can the apparent weight of a body be greater 
than its weight in air? Explain. 

Can the apparent weight of a body be negative? 
If yes, give an example. 

What is the apparent weight of a body floating 
on a liquid? 

Does the apparent weight of a body depend on 
the liquid used? 

State Archimedes’ principle. How is it verified 
in the laboratory? 

Q. 9.12 Name two applications of the 


Q. 9.4 
Q. 9.5 
Q. 9.6 
Q. 9.7 
Q. 9.8 
Q. 9.9 
Q. 9.10 
Q. 9.11 


Archimedes’ 
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principle. 

Q. 9.13 Explain why it is easier to swim in sea water 
than in fresh water. 

Q. 9.14 A beaker with water is placed on a pan of a 
balance and the beam is made horizontal. A 
cork is placed in water. Will the beam remain 
horizontal? Justify your answer, 

Q. 9.15 Why does a hand in water appear to be lighter? 

Q. 9.16 Obtain a relation involving apparent weight 
and weight of the body in air, 

Q. 9.17 How can Archimedes’ principle be used to 
determine the relative density of a solid and 
liquid? 

Q. 9.18 Define density and relative density, What are 

their units? Are they scalars or vectors? 

9.19 State the law of flotation. 

. 9.20 A ship moves from sea water to fresh water. 
Will it sink more or less in fresh water? 
Explain. 

9.21 How does the Archimedes’ principle explain 
the upward motion of a balloon filled with 
hydrogen? 

Q. 9.22 An object of density 10 kg m= is placed in a 
liquid of “density 13.6 kg. m7. Will it float or 
sink? Explain. $ 

. 9.23 (i) A piece of iron sinks in water but a ship 
made of iron floats. (ii) Iron floats on mercury 
but sinks in water. How is this possible? 

9.24 Explain the principle of a submarine. 

9.25 How are fishes able to g0 below the water 
surface -although the relative density of the 
fish is less than 1? 

9.26 What is a hydrometer? Explain its principle. 

9.27 What is the major difference between a Nic- 
holson hydrometer and a lactometer? 

. 9.28 Which kind of hydrometer, constant volume 
or constant weight, is more accurate? 

9.29 Why are the markings in the constant weight 
type hydrometer farther apart at the top of 
the stem than at the bottom. 

Q. 9.30 In a hydrometer why does the lower portion 
have a tube of large radius and the upper 
portion a long tube of very small radius? 

Q. 9.31 In a hydrometer why is the lower portion 
heavier than the upper portion? 

Q. 9.32 What is meta-centre? What role does it play 
in the study of the equilibrium of a boat? 

Q. 9.33 A body is weighed in air and then in a liquid. 

The two weights are 100 N and 99 N. Which 

is the weight in air? 

When a body floats in a liquid just submerged, 

will its density be equal, greater or less than 

the density of the liquid? 
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Chapter 10 WAVE MOTION 


Q. 10.! What is a wave? 
Q. 10.2 How does a wave travel from one part of a 
inedium to another part? 


Q. 10.3 How does the motion of the particles of a 
medium differ from that of a wave passing 
through it? 


Q. 10.4 How is the energy transmitted by a wave 

although the medium does not move? 

Discuss a method to show that in a water- 

wave the medium does not move but only the 

wave moves forward. 

What are the two kinds of waves? Explain the 

essential difference between them. Give two 

examples of each wave, 

Q. 10.7 Explain the terms (i) amplitude, (ii) wave- 

length and (iii) frequency of a wave. 

What is meant by wave velocity? Does it 

depend on frequency and wavelength of the 

wave? 

Q. 10.9 On what factors does the frequency of a wave 
depend? 

Q. 10.10 Establish a relation between wavelength; fre- 

Q 

Q 


Q. 10.5 


Q. 10.6 


Q. 10.8 


quency and the wave velocity. 
. 10.11 How are waves represented graphically? 
- 10.12 Name the longitudinal waves having frequency 
(i) less than 20 Hz, (ii) between 1000 Hz anc 
5000 Hz, and (iii) greater than 30 000 Hz. 
Q. 10.13 Is a sound wave longitudinal or transverse? 
How will you verify it? 
Q. 10.14 How will you demonstrate that a sound wave 
cannot travel without a medium? 
Q. 10.15 A very violent explosion takes place on the 
moon. Can we hear it? 
Q. 10.16 In rainy season we’ first see lightning and 
after some time hear the thunder. Explain. 
Q. 10.17 Name the factors on which the velocity of 
sound in air depends. 
Q. 10.18 What is the audible frequency range of the 
human ear? 
Q. 10,19 (a) Can you produce transverse waves in a gas? 
(b) Can you produce transverse sound waves 
in metals? _ t 
Q. 10.20 Describe a method of determining the velocity 
of sound in air. 
Q. 10.21 (a) Does the speed of sound depend on the 
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- 10.24 When 
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temperature of the gas? (b) Does the speed of 
sound increase with decrease in temperature? 


. 10.22 What is resonance? Give two examples. 
. 10.23 State the conditions to be satisfied for reson- 


ance to occur. 

resonance occurs, 
quantity changes? 

10.25 Why do soldiers break steps when crossing a 
light bridge? 


which physical 


- 10.26 What conditions must be satisfied to obtain a 


stationary wave in a medium? 

10.27 Define node and antinode, What is the dis- 
tance between two successive nodes and anti- 
nodes and between one node and the next 
antinode? 

10.28 What isthe difference between a node and an 
antinode? 

10.29 What is meant by (i) fundamental frequency, 
(ii) overtone, and (iii) harmonic? 


. 10.30 In a pipe closed at one end, will the closed 


end be a node or an antinode? 


. 10.31 What is the relation between the fundamentai 


frequency and frequency of the second har- 
monic? 


. 10.32 Why is the fundamental frequency of a one 


end open pipe twice the eae frequency 
of a two end open pipe? 
10.33 What is end correction? 


. 10.34 Describe the resonating air tube experiment? 


How can the velocity of sound be determined 
by it? 


Q. 10.35 When will resonance occur in a Tesonating air 


tube experiment? 


Q. 10.36 Is the water surface in the resonating air tube 


a node or an antinode? 


. 10.37 Why should the first reading in a resonating 


air tube experiment not be used to calculate 
the velocity of sound? 

10.38 State the laws of strings. How will you verify 
them? 


- 10.39 What is an ultrasonic wave? How are these 


produced? Name some of their uses. 


- 10.40 What is sonar? Explain how the depth of an 


Ocean can be determined by it. 

10.41 Why are ultrasonic waves used in sonar rather 
than sound waves? 

. 10.42 The speed of sound in air is 322 per sec. 
Correct the statement. 
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Answers to Numerical Problems 


CHAPTER 1 


(1) 47.6; 990; 760; 32 (2) 61.4; 2900; 0.01; 0.0000 (3) 3 (4) 3; 2 (5) 3; 2; 1; 4; 2; 3 (6) 6.6 cm 
(7) 215 kg(8) 0.007 kg (9) 2.7 m? (10) 9.62 m (11) Rs 12 000; 6480 m; 0.0010; 0.000 0045; 9800 g; 
0.000 01 (12) 8.94 x 108; 3.60 x 103s; 3.66 x 10%; 4.32 x 1073 (13) 3.15 107s (14) 819000 Hz; Rs 248 
710 000 000; 0.0042 g; 1 m (15) 46 km; 10 Ms; 0.449 Gg; 0.23 mA; 0.825 nC (16) 8; 9; 
—3 (17) 29; 30 (18) 24 (19) 0.45 cm; 0.67 cm , (20) 0.2; 0.102cm (21) 5 (22) 10 (23) —0.12cm; 
-+0.12 cm (24) 1.43 cm; 1.49 cm (25) — 0.002 m; 0.011 m (26) 0.15 cm (27) 0.002 m (28) 2.5 mm 
(29) 0.000 02 m (30) 1.76cm; 0.776cm (31) 200 (32) 0.12 cm; 0.156 cm (33) 0.14 cm (34) 0.120 cm 
(35) 0,001 s (36) 0.004 s. 


CHAPTER 2 


(2) 10 ms, 40° south of west; 7 ms! due east; 14 m,-210° anticlockwise to the x-axis directed 
away from the origin (3) 50 N due east; 1 N due west (4) 1476 m, at an angle @ north of east 


( 6 = tan! 2) (5) 5 N, making an angle 6 ( 6 = tan"! +) to the direction of 3 N force (6) 


48.3 units, 63.4° clockwise to p; 20 units, opposite to p’; 0 units; 53 units, 139° anticlockwise to 
a (7) 19.5 units, 13° to one of the force; 73.5 units, 11° anticlockwise to 45 N force (8) 29.9 ms74; 


2.6 ms”! (9) 160.8 ms™!; 191.5 ms! (10) 9.41 ms~ at an angle o( 6 = tan! $) the x-axis (11) 


407 km at an angle o 0 = tan! a) north of east. 
CHAPTER 3 


(1) Towards his house; away from his house (2) 10 km due north; 80 km due north (3)10/9 

ms-!; 8000 m; 0 m (4) 9.94 ms7}; 35.8 kmh (5) 18 ms™! (6) 1.25 ms“; 1.25 ms~! northward (7) 

48 kmh7!; 0 ms“! (8) 25 ms7!; 50 ms”; 6.25 ms7!; 16 ms™! (9) 10s to 20s; 5 ms™!, 2.5 ms~!, 40/7 

ms7!; 5 ms7! (10) 10s to 14s; 10/3 ms“, 20 ms72,— 15 ms™!;—30 ms~!, 40 ms~! (11) 1 ms~2; —1.5 

ms72; 6 ms~!; 3 ms“ (12) 1.31 ms, 106 m (13) 4.17 s; 833 m (14) 1 ms (15) 17.5 ms; 300 m 

(16) 100 ms“; 1.5 km; 205 m (17) 15.9 km; 6370 ms“! (18) 5 x 107"! s (19) 20 ms“! (20) 5x 105 

ms-2; 103 ms“! (21) 40 ms! (22) 2.0 ms7'; 96 m (23) 78 m (24) Yes; 150 s (25) 8 ms“; 8 s (26) 

None (27) 19.6 ms™'; 2 s (28) 14 ms“; 20 ms7! (29) 5x 105 ms“! (30) 2X 102 ms! (31) 5 ms“ (32) 

0.1 m (33) 0.39 ras S45 0.078 ms™!. 

CHAPTER 4 

{1) 900 kgms~! (2) 8.0 kg (3) 50 ms! (4) 2x 10¢ N (5) 2.5x 1073s (6) 2400 kg ms! 
(7) 5 ms~3; 0 ms~%; —5 ms”? (8) 200 ms (9) 10 ms72; 600 ms; 10 000 kg ms? (10) 300 N due 
south (11) 5 kg (12) 2.4 kg mst; 300 ms~%; 120 N vertically upward (13) 480 ms™! (14) 0.45 s 
(15) 20 N (16) 25 ms“! 0 ms (17) 50 kg-wt; 125 kg-wt; 58.5 N; 127.4 N (18) 10 N (19) 10 kg 
(20) 1.37 x 104*N; 132.5 N (21) 39.2 N 19.6 N. (22) 200 N (23) 640 ms™ (24) 6X 10? ms! (25) 
126.6 kg ms7! due east, 15 kg ms! due south (26) 27 ms7! (27): 2X10°™ ms! (28) 18/7 ms-?, 
25.2 km, 5x105 N (29) 0.20 (30) 78 N; 59 N (31) 30 N; 0.45; “0.40 (32) 10 ms72; 8.0 N (33) 88 
N (34) 26 N; 12 N; 2.9 N (35) 0.8 (36) 19.6; 0.52; No (37) Yes; 5 N (38) 37 N; 67 N (39) 0.84 
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CHAPTER 5 


(1) 10 J; 0 J; —10 J (2) 7.5 104 J (3) 1.75 m (4) 2.910? N (5) 45° (6) 6.3x10*J; 10.48 (7) 
3x 10* J (8) 2.8103 J (9) 10 m (10) 8.0 m (11) 2 kg (12) 1.2610? J (13) 1.67x 107 kg (14) 
8x 102 ms! (15) 4; 1/4 (16) 2.7x 103 W (17) 3.2x 104 J (18) 39 J (19) 5.1 m (20) 1960 J; 10 s 
(21) 44.3 ms~! (22) 12.5 m (23) 7.5 x 106 kg (24) 5.1 m (25) 2.0 103 J (26) 200 kg (27) 9.7x 103 
J; 250 J (28) 188 N (29) 250 N (31) 2.8 ms~!; 2.2 x 10? J. 

CHAPTER 6 


(1) About A 0.5 Nm,—0.5 Nm, 1.5NZ Nm, About B 0 Nm, 0.5 Nm,— 1.5/{2 Nm; About A—0.75 
Nm, 0 Nm, 3Nm, About B 0 Nm, 1.5 Nm, 0.75 Nm (2) 0.00 cm mark (3) 12 N (4) F,about A 
and F; about B, F; about A and F, about B (5) 0.25 m (6) At 70 cm mark downward; at 80 cm 
mark upward (7) 6 N; 24 N (8) 10 N left force downward, right force upward (9) —3 Nm; 6 Nm; 
6 Nm (10) 200 N due east (11) 10 N due west; 20 N due south (12) No (13) 30 N (14) Side on 
which 20 kg boy is sitting (15) 2 m from the father’s end; 125 kg upward (16) 1.94 kg (17) 1 m 
from the pivot (18) 17.64 Nm; 176.4 N (19) a, e netural; b, c stable; d unstable (20) 0.62 m;0.2 m 
from A (21)AB/12; R/6 i 

CHAPTER 7 


(1) 1.2 m; 2.2 m; 0.54 m (2) 1 m (3) 0.5 m (4) 2.25 m (5) 10 (6) 3.1 N (7) 5 N (8) 49% (9) 300 J 
(10) 0.4m (11) 16 000 J; 2.5; 1600 N; 10 m (12) 40; 40 (13) 0.15m, 0.15 m, 1; 0.15 m,0.45 m; 1/3 
(14) 1.5; 2; 75% (15) Ist and 3rd kind, 0.02 m in each case (16) 250 N; 5 (17) 100 N; 1/2 (18) 
0.02 m (19) 8 or 9 (20) 70% (21) 5 (22) 3 (23) 31.2 N (24) 0.25 m (25) 4 (26) 800 N (27) 1/10 
(28) 12 (29) 10; 503; 2% (30) 1500 N, 25 (31) 4900 N (32) 6.4% (33) 107 N; 67 N; 0.6 (34) 1044 
N, 210 N; 1081 N, 0.077 m (35) Third kind, 98 N, 686 N, 588 N, 0.143, 7 cm (36) 50 N, 550 N, 
0.1, 0.1, 0.001 m €37) — 432 N, 792 N (38) 6 kg-wt (39) 4.9 m, 0.2. 

CHAPTER 8 


(1) 3X108 m? (2) 3x 107 Pa (3) 9800 Pa; 11 000 Pa; 8600. Pa (4) 30 N (5) 0.0027 m? (6) 
49 000 Pa (7) 10.2 m; 2x105 Pa (8) 1.85x 104 Pa (9) 1.20 m (10) 1.9 10* Pa (11) 2.4 x 106 N; 
2.9 105 N; 1.6105 N (12) 4.9 x 105 Pa (13) 25 m (14) 1 (15) 9.3 x 10* Pa (16) 10.1 m (17) 11 m 
(18) 4.41073 m; 2.2x 1073 m (19) 259 Pa; 100 259 Pa (20) 7.84 x 108 Pa (21) 106 Pa (22) 49; 
2000 N; 0.01 m (23) 10; 4, 40% (24) 8.8 x 104 Pa. 

CHAPTER 9 


(1) 0.01 ms; 7.934 x 10-3 m?; 7.353 x 10 m? (2) 0.0020 m3 (3) 0.98 N (4) 1.3 kg m=? (5) 20 N 
(6) 9.7 10° N (7) 137 200 N (8) 2.45 x 1076 mê (9).1261 N; 1308 N (10) 2.5x 10-* m; 0.625 kg 
(11) 214 kg m™ (12) 8.9 (13) 1.2 (14) It is hollow (15) 666 kg m~? (16) 2600 kg m~? (17) 9 (18) 
10° kg (19) 0.01 m? (20) 3500 ml; 5000 ml. 


CHAPTER 10 


(1) 0.005 m (2) 0.0001 m (3) 10 Hz '(4) 2.510 s. (5) 8.19108, 732.6 m (6) 1.4% 10! Hz 
(7) 9.7104 s (8) 1.25 s (9) 5 (10) 0.014; 12.6 ms“; 9000 (11) 1.4% 107! s (12) 0.3 ms (13) 
2.3 s (14) 170 m (15) 0.22 (16) 256 Hz; 512 Hz; 768 Hz; 1024 Hz (17) 0.5 m(18) 340 ms“! 
(19) 4 m; 2400 ms-? (20) 694 Hz; 1156 Hz; 1618 Hz; 2081 Hz; 2543 Hz (21) 37 Hz;,73 Hz; 110 Hz; 
147 Hz: 184 Hz etc (22) 400 Hz (23) 200 Hz (24) 320 Hz; 480 Hz (25) 10.39 m (26) 0.01 m (27) 
0.90 m (28) 0.50 m; 680 Hz (29) 360 n Hz, n = 2, 3, 4,... (30) 132 Hz. 
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SYMBOLS, ABBREVIATIONS AND UNITS (continued) 


R.D. Relative density S - D. 9.12 

s Distance S m - 
Second Base SI unit - DTS 

T Time period S s D. 10.8 

u Speed S ms"? D. 3.7 

v Velocity Vv ms D. 3.6 

v Wave velocity S ms"! D. 10.12 

V.C Vernier constant S - D. 1.16 

V.R Velocity ratio S — D. 7.9 

Ww Weight ve, N D. 4.11 

wW Watt Derived Si unit Js~* D. 5.4 

w Work done S J D. 5.1 

6 Angular position S rad D. 3.10 

A Wavelength S m D. 10.11 

u Coefficient of friction S —— D, 4.16 

v Frequency S Hz D. 10.9 

P Density S kgm™ D. 9.6 

T Torque iv* Nm D. 6.3 

¢ Potential energy S J D. 3.6 

w Angular velocity y* rad s* DSR 


V* The quantity is vector but in this book it is treated as scalar. 
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Revision in Physics is a two volume book written primarily for Class IX 
and X students offering the CBSE Physics A paper. It introduces them to 
the vastness of physics and its numerous applications. 


The book does not follow the conventional format of presentation, The 
concepts in each chapter are introduced through precise definitions 
supplemented by notes and diagrams, Each concept is usually divided into 
five parts: what the given quantity represents; nature of the quantity; how 
it is algebraically and graphically represented, its definition and the 
associated mathematical relationships. The other important points 
associated with the concepts are given separately under ‘Notes’. The theory 
and its applications are then developed with the aid of solved numerical 
problems, In most of these problems taken from day-to-day life, the 
numerical values are very close to those occurring in real life. At the end 
of the book are provided theory questions, following the CBSE examination 
pattern, 


Although this book has been written according to the CBSE syllabus it 
will be useful to ICSE students, as well as to those appearing for the 
Junior Science Talent Examination. 
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